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Abstract 

Ultrasonic  fatigue  (20kHz)  has  been  used  to  investigate  the  role  of  microstructural 
variability  on  fatigue  life  variability  for  very  long  fatigue  lives,  between  l O'  and  10’’ 
cycles,  in  structural  aerospace  materials.  This  AFOSR  program  has  been  augmented  by 
support  from  DARPA  (Dr.  Leo  Christodoulou)  and  a  summary  of  the  results  from  the 
combined  support  is  described  in  this  report.  Four  distinctly  different  structural  alloys 
have  been  studied:  (I)  a  particle  reinforced  aluminum  alloy,  2009Al/15SiCp,  where 
clustering  of  SiC  particles  and  the  presence  of  processing-related  inclusions  is  expected 
to  control  fatigue  life,  (2)  an  alpha/beta  titanium  disk  alloy,  Ti-6Al-2Sn-4Zr-6Mo,  that 
has  been  processed  to  have  a  fine,  homogeneous,  two-phase  microstructure  that  is 
essentially  free  of  inclusions  or  other  defects;  (3)  a  poly  crystal  line  nickel-base  disk  alloy, 
Rene  88DT  which  has  a  small  but  finite  number  of  large  grains  that  influence  fatigue 
crack  initiation;  and  a  single  crystal  nickel-base  superalloy  for  blade  applications,  PWA 
1484.  In  this  program,  and  advanced  ultrasonic  fatigue  system  capable  of  fatigue  testing 
aerospace  materials  at  20  kHz  and  at  temperatures  form  ambient  to  I000°C  has  been 
developed.  For  the  poly  crystal  line  materials,  the  magnitude  of  fatigue  life  variability  was 
observed  to  be  strongly  dependent  on  the  microstructure-dependent  crack  initiation 
processes,  which,  in  tum,  were  different  for  each  material.  For  2009AI/I5SiCp,  crack 
initiation  occurred  in  almost  all  cases  at  20-30  pm  diameter  inclusions.  Less  than  half  an 
order  of  magnitude  variation  in  fatigue  life  at  109  cycles  was  observed  and  is  explained 
by  the  absence  of  a  significant  crack  initiation  lifetime.  However,  for  the  alpha/beta 
processed  titanium  alloy,  transgranular  crack  initiation  occurred  either  at  large  alpha 
grains  or  at  clusters  of  smaller  alpha  grains  and  variability  in  fatigue  life  of  three  orders 
of  magnitude  was  observed.  For  the  Rene  88DT  alloy,  clusters  of  two  or  more  large 
grains,  on  the  order  of  five  times  the  average  grain  size  controlled  crack  initiation.  In  the 
single  crystal  alloys  crack  initiation  was  controlled  by  carbides,  and  the  mode  of 
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propagation  (crystallographic,  or  non-crystallographic)  depended  on  temperature  and 
frequency.  This  work  has  demonstrated  that  ultrasonic  fatigue  methodologies  offer  a 
useful  approach  to  identifying  the  microstructure  feature  that  controls  fatigue  crack 
initiation. 

Objectives 

The  objectives  this  research  are:  (I)  to  advance  current  predictive  capability  for  fatigue 
life  in  relevant  structural  materials  with  complex  and  variable  microstructures;  (2)  to 
provide  fundamental  links  between  microstructure  variability  and  fatigue  life  that  informs 
alloy  design  for  fatigue  resistance;  and  (3)  to  investigate  ultrasonic  fatigue  methodologies 
as  an  effective  tool  for  rapid  assessment  of  fatigue  behavior  in  structural  alloys  important 
to  Air  Force  needs,  specifically  to  aid  in  developing  statistically  meaningful  long  life,  low 
stress  fatigue  failures  as  a  critical  part  of  the  analysis  of  fatigue  crack  initiation  and  early 
crack  growth  mechanisms  in  structural  materials. 

Major  Findings  and  Results 

1 .  Appended  to  this  report  are  the  publications  describing  the  details  of  experimental 
techniques  for  accelerated  fatigue  studies  using  ultrasonic  fatigue  that  have  been 
developed  and  the  specific  findings  regarding  the  role  of  microstructure 
variability  and  fatigue  behavior  in  a  wide  range  of  structural  alloys  for  aerospace 
applications.  The  key  results  and  findings  are  summarized  below. 

2.  Ultrasonic  fatigue  instrumentation  and  techniques  were  developed  to  allow 
accurate  and  reproducible  accelerated  fatigue  studies  at  a  cyclic  frequency  of  20 
kHz  and  at  temperatures  from  ambient  to  I000°C. 

3.  Very  long-life  fatigue  studies  in  a  SiCp  reinforced  aluminum  alloy,  where 
lifetimes  as  long  as  I09  were  investigated,  showed  that  a  processing  inclusion,  and 
not  SiC  particle  clustering  controlled  fatigue  crack  initiation.  This  study  provided 
convincing  evidence  of  the  capability  of  accelerated  fatigue  testing  to  quickly 
identify  key  microstructural  features  controlling  fatigue,  even  when  those  features 
existed  in  an  extremely  small  population. 

4.  More  subtle  effects  of  microstructure  (e.g.  clustering  and  preferred  orientation)  of 
alpha  grains  in  the  alpha- beta  Ti-6242  alloy  were  shown  to  be  responsible  for 
scatter  in  fatigue  life  in  this  disk  alloy.  This  results  allows  more  accurate 
modeling  of  the  microstructural  “neighborhood"  that  is  critical  to  fatigue  behavior 
in  this  duplex  alloy.  It  was  also  shown  that  the  axial  fatigue  behavior  observed 
under  conventional  testing  methods  was  essentially  identical  (extrapolated 
lifetimes,  crack  initiation  processes)  with  that  observed  in  ultrasonic  fatigue. 

5.  In  the  polycrystalline  nickel  alloy  Rene  88DT,  the  mechanisms  of  cyclic  damage 
accumulation  have  been  investigated  at  ambient  temperature  and  at  593°C. 


Persistent  slip  band  formation  at  room  temperature  occurs  in  the  largest  grains  and 
leads  to  failure.  At  elevated  temperature,  oxide  formation  suppresses  PSB 
emergence  at  specimen  surfaces  and  forces  crack  initiation  to  occur  at  large  grains 
or  grain  clusters  in  the  specimen  interior.  Techniques  have  been  developed  to 
identify  the  dependence  of  large  grain  orientation  and  the  relative  orientations  of 
two-grain  clusters  on  fatigue  crack  initiation. 

6.  Techniques  have  been  developed  to  allow  studies  at  ultrasonic  frequencies,  high 
mean  stresses  and  temperatures  as  high  as  1000°C  for  nickel  superalloy  single 
crystals.  This  capability  has  allowed  an  important  extension  of  comparisons  of 
crack  initiation  behavior  and  subsequent  early  crack  growth  as  a  function  of 
frequency  to  the  range  associated  with  turbine  blade  failures. 
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imposed  on  the  gage  section  can  be  monitored  and  controlled  by 
adjusting  the  amplitude  of  the  input  signal.  With  this  approach,  a 
specimen  is  tested  in  mechanical  resonance  at  frequencies  of 
approximately  20  kHz,  The  advantages  of  this  in  terms  of  the 
ability  to  accelerate  tests  are  obvious.  For  example,  at  20  kHz, 
applying  10s  cycles  requires  approximately  3  hours  and  applying 
1 0^  cycles  can  be  completed  typically  within  1  day.  Therefore,  a 
significant  amount  of  data  can  be  established  in  a  very  short 
period  of  time  in  the  intermediate  fatigue  life  regime.  Thus,  the 
fatigue  behavior  at  cycles  more  representative  of  the  expected 
service  life  can  be  determined  experimentally,  rather  than 
estimated  from  extrapolations. 

The  technique  was  first  explored  in  the  1950s  and  the  early 
work  through  1980  was  reviewed  by  Willcrtz  in  1980  [19].  More 
recently,  Mayer  has  offered  a  comprehensive  review  of 
improvements  in  the  past  ten  years,  especially  regarding  the  use  of 
ultrasonic  fatigue  for  fatigue  crack  growth  threshold  studies  [20], 
In  the  United  States,  early  work  was  begun  by  Tien  and  co- 
workers  in  the  late  1970s  and  early  1980s  [21,22]  but  in  recent 
years,  research  effort  has  been  concentrated  primarily  in  Japan 
and  Europe,  where  the  technique  is  enjoying  considerable  use 
there  as  a  tool  for  very  long  fatigue  life  prediction  [23,24].  The 
growing  interest  in  ultrasonic  fatigue  is  driven  in  part  by  the 
increased  need  to  predict  Lifetimes  in  aging  structures  and  is  made 
possible  by  dramatic  improvements  in  the  accuracy  of  control 
instrumentation  for  ultrasonic  fatigue. 

Numerous  studies  have  been  conducted  showing  that  the 
fatigue  behavior  of  many  important  structural  materials  systems, 
including  aluminum,  titanium  and  nickel  based  alloys  can  be 
determined  effectively  by  ultrasonic  fatigue  methods  [19,20,23]. 
Importantly,  frequency  effects  may  not  be  significant  for  many 
structural  materials  unless  environmental  attack  is  occurring 
simultaneously.  The  objective  of  die  work  described  in  this  paper 
is  to  examine  the  potential  use  of  ultrasonic  fatigue  in  the  study  of 
the  relationship  between  microstructural  variability  and  fatigue 
life  in  structural  turbine  alloys,  especially  at  long  fatigue  lives. 
We  describe  an  ultrasonic  fatigue  test  system  capable  of  operation 
at  temperatures  as  high  as  6G0*C  under  variable  mean  stress 
loading.  Initial  results  of  high  temperature  ultrasonic  fatigue 
studies  arc  presented  for  the  disk  alloy  Rene'  88  DT  [25], 

Experimental  Procedure 

The  ultrasonic  fatigue  test  system  that  has  been  developed 
for  fatigue  studies  on  superalloys  and  other  high  temperature 
materials  is  shown  in  Figure  1.  A  high  accuracy  ultrasonic 
amplifier  drives  the  piezoelectric  transducer.  Feedback  from  an 
inductive  vibration  gage  is  used  to  control  vibration  amplitude  and 
frequency  to  within  1%.  Cycles  can  be  applied  in  pulses  as  short 
as  25  ms  (500  cycles)  to  prevent  specimen  heating  during  cycling 
at  room  temperature.  Specimens  with  diameters  of  5-6  mm  and 
overall  dimensions  similar  to  specimens  used  in  conventional 
fatigue  testing  are  typically  used.  Other  specimen  shapes,  such  as 
hourglass  specimens  are  also  used.  The  transducer  is  isolated 
from  the  mean  load  by  a  specially  constructed  cage  and  the 
transducer,  load  train  and  specimen  are  designed  such  that  the 
specimen  is  in  resonance  at  or  near  20  kHz,  with  displacement 
ant  i-nodes  occurring  at  the  specimen  ends.  The  mean  load  is 
applied  at  a  flange  which  is  located  at  an  exact  displacement  node 
and  therefore,  docs  not  affect  the  ultrasonic  load  train.  Specimen 
heating  is  accomplished  by  induction  heating  and  Figure  2  shows 
the  induction  coil  arrangement  around  a  standard  cylindrical 
ultrasonic  fatigue  specimen  of  Rene1  88  DT.  The  temperature  at 


the  center  of  the  specimen  is  measured  and  controlled  with  a  non- 
contact  infra-red  pyrometer.  The  induction  coil  design  is 
optimized  to  provide  uni  form  healing  along  the  entire  length  of 
the  gage  section.  Induction  heating  in  this  manner  produces  a 
temperature  variation  of  +  3aC  in  the  gage  section  of  the 
cylindrical  specimen. 


Figure  l:  The  ultrasonic  fatigue  testing  system  capable  of  testing 
with  superimposed  mean  stresses  at  elevaicd  temperature  (aj  the 
entire  system  with  the  controls  and  (b)  the  ultrasonic  fatigue  load 
train. 


Fatigue  tests  were  conducted  at  a  load-ratio  of  0.05  and 
temperatures  of  20°C  and  593aC.  The  desired  mean  stress  was 
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applied  using  a  servohydraulic  fatigue  testing  system  and  the 
alternating  stress  was  accomplished  with  ultrasonic  loading. 
Fatigue  cycles  were  applied  in  pulses  of  500  ms  followed  by  a 
pause  of  900  ms  at  20°C.  This  was  done  to  prevent  the  specimen 
from  heating  as  a  result  of  high  frequency  cycling.  At  593T, 
however,  ultrasonic  loading  was  continuous  since  the  heat 
generated  was  compensated  by  ihe  temperature  control  system. 
There  was  no  statistically  significant  influence  of  pulsed  loading 
at  elevated  temperature  since  both  pulsed  and  continuously  loaded 
specimens  yielded  similar  lifetimes  under  a  given  condition. 

Closed  loop  control  of  specimen  displacement  is  achieved 
during  fatigue.  This  is  accomplished  by  measuring  the 
displacement  amplitude  of  the  load  train  at  the  specimen  using  an 
inductance  transducer.  This  feedback  signal  is  then  used  to  control 
specimen  strain.  The  feedback  signal  is  calibrated  to  specimen 
strains  using  the  output  of  strain  gages  attached  to  the  gage 
section.  A  high  temperature  strain  gage  was  used  to  measure  the 
response  of  the  system  as  it  is  heated  from  20  to  593°C  under 
displacement  control,  ll  was  found  the  strain  in  the  specimen 
center  increased  by  approximately  6%  as  a  result  of  heating  to 
593*C.  This  factor  of  1.06  (which  was  verified  by  modeling 
temperature  effects  on  resonance)  was  used  to  calibrate  for 
imposed  strains  at  593 “C  by  making  strain  measurements  at  room 
temperature. 

At  higher  test  stresses,  the  strain  gagmg  technique  requires 
extrapolation  of  the  feedback  signal/speeimen  strain  data,  rather 
than  interpolation.  Consequently,  the  instrument  is  now  equipped 
with  a  high  resolution,  non  contacting  fiber  optic  displacement 
gage,  also  shown  in  Figure  2.  In  this  figure,  this  probe  is 
measuring  in  a  lateral  mode  although  longitudinal  mode 
measurements  are  also  possible.  This  optical  probe  system 
provides  a  means  to  continuously  measure  displacement  at  anti¬ 
podal  points  in  the  specimen  without  disrupting  the  mechanical 
conditions  required  for  resonance.  An  example  of  the  linear 
relationship  between  the  displacement  at  the  specimen  end  and 
gage  section  strain,  as  measured  by  strain  gages,  is  shown  in 
Figure  3.  Importantly,  the  optical  gage  can  be  used  without 
interruption  at  all  displacement  amplitudes,  and  is  not  affected  by 
electrical  noise  resulting  from  induction  heating. 


Figure  2:  A  Rene'  88  DT  specimen  with  the  induction  heating 
setup.  Also  shown  here  is  the  non  contacting  fiber  optic 
displacement  gage. 


Figure  3:  An  experimentally  generated  linear  calibration  of 
average  strain  at  the  center  of  the  gage  section  with  the 
displacement  amplitude  at  the  end  surfaces  of  the  ultrasonic 
fatigue  specimen,  pc  represents  microstrains. 


Specimen  dimensions  were  fixed  using  an  analytical  solution 
for  resonance,  as  described  in  the  next  section.  The  gage  section 
of  the  fatigue  specimen  was  16  mm  long  and  had  a  diameter  of  5 
mm  and  overall  dimensions  are  shown  in  Figure  4(a).  The 
material  for  this  investigation  came  from  the  circumferential 
orientation  of  a  pancake  shape  forging.  The  forging  had  received 
a  supersol  vus  heat  treatment  prior  to  aging.  In  order  to  conserve 
material  for  the  fatigue  tests,  the  ends  of  the  specimen  were  made 
of  Inconel  7 1 8  and  were  inertia  welded  to  the  Rene'  88  DT  gage 
section,  Electropolishing  was  used  to  remove  approximately  0,1 
mm  from  the  diameter  of  the  gage  section.  This  was  done  to 
eliminate  surface  compressive  residual  stresses  arising  from  the 
low  stress  grinding  process  [26],  Electropolishing  was  conducted 
using  an  electrolyte  of  55%  ethanol  with  35%  butyl  cell u solve  and 
10%  perchloric  acid  at  40  V  and  ~30°C 

The  microstructure  of  Rene’  88  DT  was  examined  by  optical 
microscopy  and  the  grain-size  distribution  was  determined  using 
standard  linear  intercept  methods.  The  fatigue  fracture  surfaces 
were  studied  using  scanning  electron  microscopy  (SEM).  The 
distance  of  the  crack  initiation  site  from  the  surface  was  measured 
in  alt  cases  where  a  sub-surface  crack  initiation  event  occurred. 
Micronotches  were  machined  on  some  fatigue  specimens 
with  the  use  of  femtosecond  pulsed  lasers.  The  specimens  were 
mounted  on  a  stage  on  an  optics  worktable.  A  Ti:  sapphire 
femtosecond  laser  system  wras  used  to  produce  1000  laser  pulses 
per  second  at  a  wavelength  of  780  nm,  with  each  pulse  120  fs  in 
duration.  The  laser  pulses  were  directed  through  a  shutter  which 
opened  for  100  ms  (100  pulses)  on  to  a  50  mm  focal  length  plano¬ 
convex  lens  and  focused  onto  the  specimen  surface.  The  shutter 
opening  time  was  used  to  control  the  depth  of  the  notch.  Notches 
of  depth  <  30  pm  and  width  10  pm  could  be  made  using  this 
procedure.  Details  of  the  laser  notching  procedure  and  its  effects 
in  aluminum  alloys  and  nickel-base  superalloys  could  be  found 
elsewhere  [27,28] .  An  important  feature  of  the  femtosecond  laser 
micromachining  approach  is  the  elimination  of  any  melting  or 
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heat  affected  zones  typically  encountered  with  conventional  laser 
drilling  techniques  [28], 

Modeling  or  Ultrasonic  Fatigue 

A  simple  model  for  a  fatigue  specimen  vibrating  at  a 
resonant  frequency  of  consists  of  two  blocks  of  mass  'm' 
joined  by  a  spring  with  a  spring  constant  ‘It*.  In  a  dumbbell 
shaped  specimen,  the  gnp  section  approximates  the  mass  and  the 
weightless  gage  section  represents  the  *  spring1.  The  resonant 
frequency  is  then 


which  gives  the  expected  result  of  low  mass  objects  having  a 
higher  resonant  frequency.  The  angular  frequency  is  given  by  the 
relationship  to  =  2nfm.  Equation  (I),  although  approximate  can 
give  useful  insights  to  specimen  design. 

A  much  better  representation  of  the  displacement  and  strain 
distribution  of  the  fatigue  specimen  vibrating  in  resonance  can  be 
achieved  by  solving  the  displacement  equation  for  the  propagation 
of  planar  tens  ion -compress  ion  waves  in  a  resonant  part  [20],  A 
dynamic  force  balance  (neglecting  damping  effects)  in  the 
longitudinal  direction  which  allows  for  changing  cross-sectional 
area  yields  the  following  equation 

u'  +  {A’lA)u'  +  a>1{plE)u  =  0  (2) 

where,  u  =  u  (x,t)  is  the  displacement  in  the  longitudinal  (x) 
direction,  A  is  the  cross-sectional  area  and  A *  is  its  gradient,  p  is 
the  density  and  E  is  the  elastic  modulus  in  the  longitudinal 
direction.  It  is  to  be  noted  that  time  has  been  factored  out  in  this 
equation  and  the  partial  derivative  of  the  displacement  would  give 
the  instantaneous  strain  in  the  x -direction.  In  the  absence  of  area 
gradients,  the  analytical  solution  of  equation  (2)  would  indicate  a 
sinusoidal  variation  [20],  If  elastic  modulus  gradients  exist  in  the 
specimen  (for  example,  as  a  result  of  heating  the  specimen)  a 
general  force  balance  yields  the  following  displacement  equation 

u"  +  [(A'/ A)  +  (£'/£)]  «'  +  (02(p/E)u  =  0  (3) 

where  E*  represents  a  modulus  gradient.  The  strain  and 
displacement  distributions  in  fatigue  specimens  were  obtained  by 
solving  Equation  (2)  for  the  room  temperature  case  and  by  solving 
Equation  (3)  for  elevated  temperatures.  The  solutions  were 
obtained  numerically  by  executing  a  fourth  order  Runge  Kutta 
Ny strom  (RKN)  method  within  a  java™  computer  program.  The 
boundary  conditions  were  implemented  in  the  following  fashion: 
starling  at  the  center  of  the  gage  section  which  is  a  displacement 
node  (with  maximum  known  strain);  the  appropriate  displacement 
equation  was  iteratively  evaluated  until  the  specimen  ends  which 
are  displacement  ami -nodes  (with  zero  strain)  are  reached.  The 
known  temperature  variation  of  the  modulus  of  the  supcralloy  and 
an  experimentally  measured  temperature  profile  across  the 
specimen  was  embedded  within  the  code.  Since  the  strain 
solutions  arc  symmetric  (and  the  displacement  solutions  are  anti¬ 
symmetric),  only  one  half  of  the  displacemeni/strain  distribution 
in  the  specimen  was  determined  in  the  above  manner. 


By  solving  equation  (3),  the  displacement  and  strain 
distribution  in  the  resonating  fatigue  specimen  can  be  determined 
as  a  function  of  temperature  and  stress.  An  example  is  shown  in 
Figure  4,  Figure  4(a)  is  a  schematic  figure  showing  the  superalloy 
specimen  dimensions.  Figure  4(b)  shows  model  predictions  of 
displacement  and  strain  distribution  for  this  half-specimen  with  an 
alternating  resonant  stress  of  361  MPa  (for  R  =  0,05,  this 
represents  a  maximum  stress  of  760  MPa)  at  the  gage  center. 
Results  are  presented  for  20  and  593DC,  which  are  the 
temperatures  of  interest  m  this  investigation,  Modulus  differences 
at  the  two  temperatures  account  for  the  different  strains  at  the 
center  of  the  specimen.  The  calculations  in  Figure  4(b)  assume 
resonant  frequencies  of  19.6  kHz  and  19,2  kHz  at  20  and  593QC, 
respectively  which  are  close  to  the  observed  resonance 
frequencies.  The  lower  resonance  frequency  at  the  higher 
temperature  arises  from  the  increased  compliance  of  the  system. 
Since  the  displacement  and  strain  distributions  arc  now  known  as 
a  function  of  temperature,  we  can  use  this  information  to  relate  the 
displacement  amplitude  at  the  ends  of  the  specimen  to  the  strain 
(and  therefore  stress)  amplitude  at  the  center  of  the  specimen. 


(a) 


■  Mic restrain  (20*C) 

D  Displacement  {20‘C] 

^  Mcrestram  {333'C) 

A  d  ttpla  c«n  a  n\  (393'C  j 

(b) 

Figure  4:  (a)  A  schematic  of  half  of  the  ultrasonic  fatigue 

specimen  dimensions  with  a  resonant  frequency  of  19.6  kHz  at 
20flC  All  dimensions  arc  in  mm,  (b)  Model  prediction  for  strain 
and  displacement  distribution  across  this  ultrasonic  fatigue 
specimen.  The  alternating  stress  at  the  center  is  361  MPa  for  both 
temperatures. 
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Figure  5:  Comparative  distribution  of  stresses  in  the  specimen  at 
the  two  temperatures. 

Figure  5  shows  the  resulting  stress  distribution  for  l he  strain 
distribution  shown  in  Figure  4(b).  It  can  be  seen  that  while  the 
stresses  vary  by  less  than  2%  within  the  gage  section  at  room 
temperature,  this  variation  is  less  than  5%  at  593°C.  This 
difference  is  due  to  the  changing  modulus  to  density  ratio  between 
20  and  593dC  as  would  be  predicted  by  either  equation  (2)  or  (3). 
Although  these  stress  gradients  arc  reasonable,  further 
improvements  could  be  achieved  by  refining  specimen  design. 

Results 

Microstructural  Characterization 

An  optical  micrograph  showing  the  micros  tincture  of  Rene1 
86  DT  is  shown  in  Figure  6.  This  micrograph  is  representative  of 
the  grain  structure  variation  associated  with  the  circumferential 
orientation  in  the  forging.  Annealing  twins  arc  prevalent  in  the 
micros* rue turc.  The  supcrsolvus  heat  treatment  leads  to  a 
relatively  coarse  and  equiaxed  distribution  of  grains.  In  order  to 
determine  the  grain  size  distribution,  500  grains  were  measured 
using  the  intercept  method  and  the  results  of  this  procedure  are 
summarized  in  Figure  7.  The  grain -size  distribution  is  tog- norma l 
with  a  long  tail  and  an  average  size  close  to  18  J  pm.  The  results 
indicate  that  there  is  a  finite  probability  of  finding  grains  with  as 
much  as  five  times  the  average  grain  size. 

Stress-life  response  at  ultrasonic  frequencies 

The  S*N  behavior  of  Rene'  88  DT  at  an  ultrasonic  frequency  and  a 
load-ratio  of  0.05  at  20  and  593°C  has  been  plotted  in  Figure  8. 
Tire  resonant  frequency  of  specimens  was  close  to  19.6  kHz  at 
room  temperature  and  due  to  increased  compliance  of  the  system 
at  elevated  temperature,  the  frequency  decreased  by 
approximately  300  Hz  at  593°C.  Both  low  stress  ground  (as- 
machined)  and  electropolished  specimens  were  used  to  generate 
the  results  shown  in  Figure  8.  Fatigue  lifetimes  decreased  at 
593°C  compared  to  20°C.  Although  failures  were  observed  only 
at  850  MPa  at  ambient  temperatures,  at  elevated  temperature,  the 
variability  in  fatigue  life  increased  as  stress  level  was  decreased. 


Figure  6:  Optical  micrograph  of  Rene'  88  DT. 

KM 


Grain  Size  (urn) 

Figure  7;  Lognormal  distribution  of  grain  size  in  Rene'  88  DT. 


Figure  8:  The  stress  life  response  of  Rene'  88  DT  at  ultrasonic 
frequencies  and  a  load-ratio  of  0.05.  The  data-points  with 
downward  pointing  arrows  are  specimens  with  laser  machined 
micronotches. 
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At  593DC,  the  variability  in  lifetimes  was  within  an  order  of 
magnitude  at  760  and  660  MPa  but  increased  to  almost  three 
orders  of  magnitude  at  600  MPa.  On  two  samples,  laser  machined 
micronotches  were  used  to  initiate  fatigue  cracks  and  these  data 
points  are  indicated  with  downward  pointing  arrows  in  Figure  8. 

Kractoeranhv 

Fractographic  examinations  were  conducted  on  all  specimens 
that  failed  under  ultrasonic  loading  conditions.  All  cracks 
initialed  at  sub-surface  locations  at  593°C  An  example  of  sub¬ 
surface  initiation  is  shown  in  the  SEM  image  of  Figure  9.  Two 
different  types  of  crack  initiation  were  observed:  crystallographic 
initiation  at  large  grains  (Figure  10(a))  and  crack  initiation  at 
inclusions  (Figure  10(b)),  Crystallographic  crack  initiation  was 
more  commonly  observed  and  a  large  grain  (such  as  the  one 
shown  in  Figure  10(a))  could  be  identified  with  most  of  these 
sites.  In  the  few  cases  where  the  crack  initiated  from  an  inclusion, 
a  larger  than  average  grain  could  once  again  be  identified  in  the 
neighborhood  of  the  inclusion.  Regardless  of  the  nature  of  the 
crack  initiation,  the  cracks  propagated  in  a  transgranular  manner 
producing  a  rough  fracture  surface  with  the  roughness  decreasing 
as  die  crack  size  increased.  This  transition  from  relatively  rough 
to  a  smoother  surface  can  be  seen  in  Figure  9.  At  crack  lengths 
just  below  the  transition  to  the  fast  fracture  region,  some  striations 
could  also  be  seen  on  the  fracture  surface.  Evidence  of  strxation 
formation  is  indicated  by  arrows  in  the  SEM  micrograph  in  Figure 

n. 

Figure  12(a)  shows  the  fractographic  features  associated  with 
a  crack  that  initiated  from  a  laser  micronotch  in  as-machined 
specimen  with  a  maximum  stress  of  850  MPa  at  room 
temperature.  Details  of  the  notch  are  shown  in  Figure  12(b)  and, 
as  anticipated,  there  are  no  indications  of  a  damaged  area  around 
the  notch.  The  shape  of  this  notch  on  the  fracture  surface  is  a 
half-conc  and  its  maximum  width  is  approximately  10  pm  with  a 
depth  of  about  25  pm.  Fractographic  observations  suggest  that 
the  cracks  that  initiate  from  these  notches  quickly  assume  a  semi¬ 
circular  shape  like  cracks  that  naturally  initiate  from  surface 
flaws.  Similar  behavior  has  been  observed  in  other  studies  of 
crack  initiation  and  growth  from  laser  micronotches  [27]. 


Figure  9:  A  subsurface  crack  initiation  site  for  850  MPa  maximum 
stress  at  20°C, 


(b) 

Figure  10(a)  A  crystallographic  crack  initiation  site,  593°C  with 
maximum  stress  of  760  MPa  (b)  a  crack  initiating  from  an 
inclusion,  2Q°C  with  maximum  stress  of  850  MPa. 


Figure  i  l:  Micrograph  indicating  the  presence  of  fatigue  striations 
just  prior  to  the  fast  fracture  regime. 


0) 


Figure  12(a)  Features  of  crack  initiated  from  a  laser  micronotch 
and  (b)  higher  magnification  image  of  the  notch. 


Mumper  Of  Cycles  to  FaikJ  m 

Figure  13:  Effect  of  electropolishing  on  sub-surface  crack 
initiation.  The  horizontal  line  at  an  initiation  distance  of  50  pm 
indicates  the  boundary  of  the  zone  containing  compressive 
residual  stresses  from  machining, 


Discussion 

We  have  demonstrated  the  applicability  of  ultrasonic  fatigue 
to  test  turbine  disk  superalloys  at  positive  mean-stresses  and 
elevated  temperatures  (<600°C).  With  adjustments  in  the  load 
train  and  specimen  design,  we  can  test  at  temperatures  higher  than 
600°C.  Fatigue  is  a  property  of  concern  for  many  turbine  engine 
components  [29],  Of  particular  relevance  for  disk  materials  is 
quantification  of  any  possible  reduction  in  fatigue  life  due  to  small 
processing  defects  or  particular  features  of  the  microstructurc 
[30],  Ultrasonic  testing  provides  opportunities  for  probing 
failures  from  such  small  defects  that  may  be  activated  at  very  long 
lifetimes  under  nominally  elastic  fatigue  conditions.  In  this 
section,  we  examine  these  opportunities  in  light  of  our  preliminary 
results. 

Sample  Surface  Conditions 

As  shown  in  Figure  8,  surface  condition  influences  the  fatigue  life 
at  room  temperature  but  not  at  elevated  temperature.  This  is 
further  illustrated  in  Figure  13,  where  the  fatigue  crack  initiation 
locations  are  plotted  against  fatigue  life.  At  room  tempera turc, 
e Lee tropoh shed  samples  have  a  lifetime  two  orders  of  magnitude 
less  than  as-machined  specimens.  This  behavior  is  consistent  with 
the  existence  of  surface  residual  compressive  stresses  from 
machining.  Recent  work  [26]  has  determined  that  compressive 
residual  stresses  as  high  as  450  MPa  can  exist  within  the  as- 
maehined  layer  of  this  superalloy.  The  inhibition  of  crack 
initiation  by  residual  stress  is  consistent  with  surface  crack 
initiation  in  clectropolishcd  specimens  and  only  subsurface 
initiation  for  as-machined  specimens.  On  the  other  hand,  as 
shown  in  Figure  13,  only  sub-surface  initiation  occurs  at  elevated 
temperature  and  there  is  no  discernible  effect  of  surface  condition 
on  lifetime.  It  is  possible  that  surface  oxide  formation  may  play  a 
role  in  retarding  crack  initiation  by  limiting  surface  slip  [31  ],  It  is 
more  likely  that  at  elevated  temperature,  greater  homogenization 
of  deformation  [32]  throughout  the  gage  volume  results  in  smaller 
surface  slip  offset  and  therefore  favors  an  interior  crack  initiation- 
site  with  a  large  grain  and/or  inclusion  while  surface/ near-surfacc 
modes  remain  dormant.  Clearly,  the  role  of  surface  condition  is 
important  and  more  work  is  required  for  a  definitive  explanation 
of  these  results. 

M ic romech an i  s  ms  o  f  C  rac  k  I  n it iat i on  an d  Growth 

The  results  indicate  that  large  grains  in  the  size-range  defined 
by  the  far  right  tall  of  the  grain-size  distribution  show  n  in  Figure  7 
play  a  dominant  role  in  crack  initiation.  This  indicates  that  fatigue 
damage  accumulation  occurs  more  readily  in  the  w-cakcr  regions 
of  the  micros  true  tore,  in  this  case  large  favorably  oriented  grains. 
In  some  cases  inclusions  in  the  neighborhood  of  large  grains  are 
crack  initiation  sites. 

Crack  propagation  is  initially  crystallographic  along  with 
attendant  rougher  fracture  surfaces  but  when  the  plastic  zone  size 
becomes  larger  than  the  average  grain  size  and  multiple  slip 
systems  can  be  activated,  this  Leads  to  a  smoother  fracture  surface 
[33],  Transitions  in  crack  growth  mechanisms  have  been  related 
to  both  the  monotonic  [34]  and  reversed  [34-36]  plastic  zone  sizes 
for  several  disk  superalloys.  The  monotonic  plastic  zone  (rpH) 
size  is  given  by  [37] 
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where,  Kmu  represents  the  maximum  stress  intensity  in  the  fatigue 
cycle  and  is  the  monotonic  yield  stress.  Assuming  an 
approximate  stress  intensity  solution  for  an  embedded  elliptical 
crack  in  a  flat  plate  [38 J,  and  using  yield  stress  values  from  Huron 
[39]  equation  (4)  can  be  used  to  predict  the  boundary  for  the 
transition  from  a  crystallographic  growth  mode  to  a  nominally 
mode  I  growth  mode.  In  Figure  9,  the  crack  size  at  which  the 
calculated  maximum  plastic  zone  size  is  equivalent  to  the  average 
grain-size  is  shown.  As  can  be  seen,  this  correlates  well  with  the 
observed  transition  in  crack  growth  mode. 

The  total  life  of  any  component  consists  of  the  crack 
initiation  life,  the  small  crack  propagation  life  and  the  long  crack 
propagation  life,  Taylor  and  Knott  [40]  among  others  have 
argued  that  a  transition  from  small  to  long  crack  growth 
mechanisms  occurs  when  the  size  of  the  crack  is  approximately  10 
times  the  size  of  the  characteristic  micros  true  tural  dimension  such 
as  the  grain  size.  If  this  is  true,  micro  structural  fracture 
mechanics  operates  when  the  crack  is  less  than  200  pm  in  length 
in  this  superalloy.  The  laser  micron  etching  studies,  in  this 
context,  provide  a  unique  opportunity  for  studying  the  interaction 
of  small  cracks  with  the  underlying  microstructurc.  The  notches 
are  loaded  at  an  ultrasonic  frequency  and  therefore  growth  rates 
smaller  than  at  the  conventionally  defined  fatigue  threshold  (1010 
m/cycle)  can  also  be  recorded  using  this  technique.  Extension  of 
our  current  experimental  capabilities  to  probe  cracks  at  small 
length  scales  comparable  to  microstructura!  dimensions  and 
growing  at  average  rales  smaller  than  one  lattice  spacing  per  cycle 
is  currently  in  progress. 


Comparison  with  stress-fife  data  at  conventional  frequency 


A  key  issue  in  ultrasonic  fatigue  is  whether  fatigue  behavior  is 
dependent  on  frequency,  especially  when  elevated  temperature 
fatigue  is  studied.  In  Figure  14,  we  compare  fatigue  lifetime 
derived  from  ultrasonic  fatigue  tests  with  lifetimes  resulting  from 
a  frequency  of  10  and  20  Hz  for  specimens  machined  from  the 
same  forging  [26].  All  of  the  data  generated  at  lower  frequency 
was  on  electropolished  specimens  in  load-control  using  a  standard 
servohydraulic  test  system.  For  comparative  purposes,  we  have 
reproduced  the  ultrasonic  frequency  fatigue  data  from 
electropolished  specimens  only  at  room  temperature  and  all  the 
data  at  elevated  temperature  (since  there  is  no  effect  of  surface 
finish  condition  at  593DC).  It  can  be  seen  that  the  fatigue  strength 
at  593°C  is  significantly  lower  in  the  ultrasonic  tests.  The 
elevated  temperature  S-N  curve  at  ultrasonic  frequency  has  shifted 
down  by  250-300  MPa  when  compared  to  the  low  frequency  S-N 
curve.  It  is  important  to  note  the  differences  in  the  two 
techniques.  The  ultrasonic  technique  is  nominally  elastic,  so 
direct  comparison  to  a  stress-controlled  test  at  low  frequency 
under  conditions  where  there  arc  significant  cyclic  plastic  strains 
is  not  straightforward  [26] +  Although  limited  amount  of 
comparable  data  was  generated  at  room  temperature,  Figure  14 
suggests  that  the  fatigue  lives  are  similar  at  an  ultrasonic 
frequency  and  10  Hz  under  ambient  conditions  with  a  slight 
increase  in  fatigue  life  at  19.6  kHz.  A  small  increase  in  fatigue 
life  for  the  superalloy  Inconel  718  at  ultrasonic  frequency  under 
ambient  conditions  has  been  reported  earlier  by  Chen  ef  at,  [41], 
The  crack  initiation  sites,  however,  are  the  same  at  both  the 
frequencies.  Ultrasonic  fatigue  techniques  can  therefore,  be  used 


as  a  tool  to  quickly  identify  the  weakest  links  in  the 
microstructurc. 

Beyond  the  likely  differences  in  the  overall  plastic  strain 
distribution  in  these  two  types  of  specimens,  some  of  the  variation 
in  fatigue  lives  with  temperature  and  frequency  may  be  associated 
with  thermally  activated  deformation  mechanisms.  These 
mechanisms  could  be  different  in  the  vicinity  of  the  crack 
initiation  sites.  At  room  temperature,  deformation  is  strain -rate 
insensitive  and  this  manifests  as  little  or  no  effect  of  loading 
frequency  on  fatigue  lives  or  crack  growth  rates.  As  temperature 
is  increased  from  20  to  593°C  (at  10  Hz)  or  when  frequency  is 
decreased  from  19,6  kHz  to  10  Hz  (at  593°C),  the  fatigue  lives 
increase.  It  is  known  that  increasing  temperature  (at  the  same 
strain  rate)  and  strain  rate  (at  the  same  temperature)  have  opposite 
effects  on  thermally  activated  deformation  [42].  l!  is  also  known 
that  for  several  supcralloys,  fatigue  cracks  grow'  at  faster  rates  as 
temperature  is  increased  and/or  frequency  is  decreased  [32],  The 
above  discussion,  therefore,  indicates  that  any  decrease  in  fatigue 
lives  at  ultrasonic  frequencies  (at  5935C)  may  be  due  to  favorable 
crack  initiation  conditions  resulting  from  high  frequency 
deformation.  The  favorable  condition  at  high  frequency  could  be 
higher  values  of  slip  offset  (or  more  heterogeneously  distributed 
slip)  which  makes  it  easier  to  initiate  a  fatigue  crack  [43],  Atomic 
force  microscopy  studies  of  slip  offsets  to  investigate  this 
hypothesis  arc  currently  in  progress. 


Figure  14:  Comparison  of  the  S-N  response  of  Rene"  88  DT 
between  conventional  (10  Hz)  and  ultrasonic  (20  kHz) 
frequencies. 


Conclusions 

*  An  ultrasonic  fatigue  test  system  has  been  developed  that  is 
capable  of  superposed  mean  stresses  and  elevated 
temperatures  up  to  700°C. 

»  The  fatigue  behavior  of  Rene1  88  DT  has  been  examined  at 
ultrasonic  frequencies  in  lifetimes  ranging  from  10s  to  10V 
for  a  load-ratio  of  0.05  at  20  and  593°C. 

•  Fatigue  Lifetime  is  dependent  on  surface  condition  at  ambient 
temperature  but  not  at  elevated  temperature,  where  all  crack 
initiation  sites  were  sub-surface. 
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*  All  the  crack  initiation  sites  were  associated  with  larger 
grains  or  at  inclusions  near  large  grains. 

*  It  was  demonstrated  that  micronotches  produced  by 
femtosecond  pulsed  laser  machining  could  be  used 
effectively  to  study  crack  initiation  and  propagation  from 
defects  whose  sizes  are  comparable  to  characteristic 
m  i  c  rost  ructura  I  d  i  men  s  io  n  s . 

*  These  results  indicate  the  potential  for  using  fatigue  as  a  tool 
for  examining  the  role  micros tructural  variability  on  fatigue 
life. 
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Abst  ract 

The  effect  of  microsiructural  variability  on  the  fatigue  life  of  the  a 
+  p  titanium  alloy,  Ti-6246,  has  been  examined  in  the  very  long 
life  fatigue  regime  using  ultrasonic  fatigue.  Tests  were  conducted 
at  ambient  temperatures  at  a  frequency  of  20  kHz  and  a  load  ratio 
of  0  05.  Fatigue  lifetimes  were  characterized  in  the  regime  from 
10s  to  IQ9  cycles.  Microstructural  features  associated  with  crack 
initiation  and  their  locations  relative  to  the  specimen  surface  arc 
examined  and  compared  to  the  behavior  observed  in  fatigue  tests 
at  a  conventional  frequency  of  20  Hz.  The  growth  behavior  of 
small  fatigue  cracks  initiated  from  femtosecond  pulsed  laser 
machining  was  examined.  The  worst  -ease  fatigue  life  in  Ti-6246 
is  modeled  from  the  small  crack  propagation  behavior  of  the 
alloy. 

Introduction 

The  U.S.  Air  Force  typically  spends  approximately  two-thirds  of 
its  annual  jet  propulsion  budget  on  the  maintenance  and 
sustainment  of  gas  turbine  engines.  Much  of  this  cost  is  due  to  the 
lifetime  retirement  cycle  in  which  components  arc  retired  based 
on  their  original  design  lifetime.  This  approach  to  lifing  is  often 
conservatively  calculated  to  allow  for  uncertainties  in  usage  and 
behavior.  As  part  of  the  Engine  Structural  Integrity  Program 
(ENSIP)  [1]  the  Air  Force  performs  inspections  for  damage  and 
cracking  at  the  half-life  of  fracture -critical  turbine  engine 
components.  This  methodology  employs  nondestructive 
evaluation  (NDE)  techniques  such  as  eddy  current  measurements 
and  ultrasonic  techniques  for  certifying  the  condition  of 
components  before  returning  them  to  service.  Beyond  the  ENSIP 
approach,  technology  is  being  developed  to  facilitate  the 
management  of  turbine  engines  based  on  the  philosophy  of 
materials  damage  prognosis  [2,3],  which  utilizes  a  combination  of 
advanced,  physically  based,  life  methods  and  techniques  for  real¬ 
time  determination  of  material  damage  states.  The  eventual  goal 
of  the  prognosis  project  is  to  develop  a  predictive  methodology 
where  decisions  to  fly,  based  on  the  condition  of  the  gas  turbine 
components,  can  be  made  by  deployed  asset  commanders. 

The  present  study  fits  into  the  overall  goal  of  the  prognosis 
approach  because  of  the  need  to  couple  understanding  of  fatigue 
scatter  with  a  fundamental  knowledge  of  the  effects  of 
micro  structure  on  fatigue  behavior.  Understanding  the  statistical 
nature  of  fatigue  and  its  fundamental  relationship  to 
mic restructure  will  allow  for  the  development  of  accurate 
predictions  of  fatigue  lives.  The  objectives  of  this  study  arc  to 
understand  the  fatigue  behavior  of  Ti-6Al-2Sn-4Zr-6Mt>  (in  wl%) 
at  ultrasonic  and  conventional  frequencies  in  order  to  develop  a 


methodology  for  predicting  fatigue  behavior  at  low  stresses  and 
long  lifetimes  and  to  determine  the  role  of  microstructural 
variability  on  fatigue  lifetimes. 

The  excellent  mechanical  properties  of  a  +  [i  titanium  alloys  have 
led  to  their  widespread  use  in  gas  turbine  engines.  Because  of 
this,  there  have  been  many  research  efforts  devoted  to 
characterizing  the  fatigue  properties  as  a  function  of  the 
mic restructure  for  this  class  of  alloys-  Work  by  Jago  et  al[ 4]  has 
found  that  the  primary  u  grain  size  and  total  volume  fraction  a 
phase  (grains  and  lathes)  were  the  most  important  microstructural 
parameters  in  determining  fatigue  crack  initiation  and  growth 
behavior,  [n  other  work  [5],  the  fatigue  resistance  was  found  to  be 
dependent  on  the  lamellar  n  volume  fraction. 

Recent  research  has  found  a  bi modal  distribution  of  fatigue 
lifetimes  in  Tr-6246[6].  This  was  found  to  be  a  result  of  two 
distinct  crack  initiation  mechanisms  [7],  Ongoing  research  efforts 
aim  to  understand  these  mechanisms  of  crack  initiation.  Much 
research  has  been  devoted  to  understanding  the  mechanical 
properties  of  Ti-6246,  but  these  studies  have  not  tied  the 
microstnjcturc  of  the  material  to  the  mechanical  properties  at  a 
fundamental  level.  The  goal  of  this  research  is  to  couple 
microstructural  features  with  the  fatigue  lifetimes  so  that  models 
may  predict  fatigue  lives  as  a  function  of  microstructure.  In  order 
to  frilly  understand  the  fatigue  behavior  of  a  material,  it  is 
necessary  to  test  at  a  range  of  stresses.  Generally,  u  is  impractical 
to  run  fatigue  tests  past  107  cycles  at  conventional  frequencies. 
Thus,  we  have  employed  ultrasonic  fatigue  instrumentation 
operating  at  frequencies  of  approximately  20  kHz,  Ultrasonic 
fatigue  testing  has  been  used  to  characterize  the  fatigue  behavior 
of  materials  for  decades  [8,9],  but  recent  advances  in  testing 
equipment  have  increased  the  reliability  of  Ibis  technique  as  a 
valid  means  for  characterizing  materials  in  the  low  stress-long 
lifetime  regime. 

Material  and  Experimental  Procedure 

Material 

The  material  used  in  litis  study  was  cut  from  a  forged  and  heat 
treated  pancake.  It  has  a  duplex  microstructurc  w  ith  cquiaxed  u 
(hep)  grains  in  a  transformed  p  (bee)  matrix.  The  microstructurc 
of  this  material  was  observed  with  optical  and  scanning  electron 
microscopy  (SEM)  (Philips  XL30/FEG.)  An  optical  micrograph 
of  the  microstructurc  is  shown  in  Figure  1  The  primary  a  grains 
appear  light,  while  the  transformed  p  phase  is  dark  with  light 
interspersed  a  lathes. 
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Specimen  Design 


Figure  2.  An  optical  micrograph  of  the  material  tested  in  this 
study  indicating  a  microstructure  of  globular  primary'  u  grains  in 
a  transformed  p  matrix 


Ultrasonic  fatigue 

specimens  were 

designed  using  the 

Runge-Kutta  method  to 
insure  that  they  would 
be  in  resonance  near  20 
kHz.  Details  of  this 
method  can  be  found 
elsewhere  [  10].  Figure 
2  is  a  schematic  of  the 
specimen  with  the 

major  dimensions 

labeled.  The  gage 

section  of  the  specimen 
ts  of  the  size  typically 
used  in  servo-hydraulic 
fatigue  experiments 
The  specimens  arc  large 
enough  to  insure  that  a 
statistically  significant 
volume  of  material  is 
sampled  in  each  test 
Specimens  were 


Figure  I,  A  schematic  of  the  machined  using  low 
fatigue  specimens  used  in  ultrasonic  stress  grinding  and  were 
frequency  fatigue  testing  subsequently 

eleciropolished  to 

remove  compressive  residual  stresses,  The  polishing  was 

completed  using  die  following  solution  59%  melhanof  35% 

ethylene  glycol  monobuiyl  ether*  6%  (60%)  perchloric  acid.  This 
solution  was  kept  at  -40°C  while  the  voliage  was  maintained  at 
40V  tor  effective  polishing.  With  these  conditions*  approximately 
150  pm  was  removed  from  the  specimen  surface  reducing  the 
diameter  by  3 00 pm 


Fatigue  Testing 


The  fatigue  testing  completed  at  the  University  of  Michigan  (UM) 
employed  an  ultrasonic  frequency  of  20  kHz  The  tests  completed 
at  the  Air  Force  Research  Laboratory  (AFRL)  were  perfonued  at  a 


frequency  of  20  Hz  m  load -control  on  conventional  servo- 
hydraulic 
equipment  [1 1  ] 

AH  tests  were 
conducted  at  room 
temperature  with  a 
load  ratio  0  05  A 
schematic  of  the 
ultrasonic  testing 
setup  is  shown  in 
Figure  3 

Ultrasonic  fatigue 
tests  are  run  in 
displacement 
control*  which 
uses  a  H all-effect 
sensor  to  measure 
the  high  frequency 
displacement  of 
the  load  train 
Using  this 

feedback,  the 
command  signal 
adjusts  the 

amplitude  of  the 
input  pulse  to 
achieve  the 

necessary 
displacements 
The  system  is 
designed  such  that 
the  specimen  ends 
are  displacement 
maxima  while  the 
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center  of  the  gage 
section  is  a 
displacement 
node  The  center 
of  the  specimen 
is  therefore,  a 


Figure  3.  A  schematic  of  the  experimental 
setup  is  shown  wtlh  the  ultrasonic  frequency 
components  depicted  as  they  are  loaded  in  an 
MTS  load  frame  for  mean  stress  testing 


strain  anti-node  Strain  gages  affixed  to  the  gage  section  of  die 
specimen  allow  the  measurement  of  resultant  strain  m  the 
specimen  The  stress  amplitude  is  calculated  using  the  strain 
measurements  and  the  modulus  of  the  material  By  adjusting  the 
amplitude  of  the  input  pulse*  we  control  the  strain  m  the  specimen 
and  thus  the  stress.  The  lop  X-rod  shown  in  Figure  3  is  a 
wavelength  long  at  20  kHz.  It  is  used  both  to  isolate  die  specimen 
from  the  transducers  and  allow  for  ease  in  setup  of  the 
experiment.  The  lower  half  X-rod  is  used  for  the  application  of 
mean  stress  at  a  displacement  node  so  that  there  will  be  no 
damping  of  the  acoustic  pulse 


Crack  Growth 


In  addition  to  the  fatigue  testing  described  above,  some  specimens 
were  reserved  for  studying  crack  growth  rates  The  growih  rates 
were  measured  from  cracks  dial  initiated  from  laser  machined 
surface  notches.  Defects  are  often  introduced  as  radii  or  notches 
to  examine  crack  growth  rates  in  materials  However,  the  process 
of  introducing  detects  into  these  specimens  often  has  deleterious 
effects  on  ihe  micro  structure  surrounding  the  notch  This  can  be 
avoided  using  femtosecond  pulsed  lasers  because  the  pulse  time  is 
shorter  than  the  time  required  for  heat  to  diffuse  into  the  material 
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Additionally,  the  intensity  of  the  pulse  ablates  material  directly 
from  a  solid  to  plasma.  Consequently,  we  have  been  able  to 
produce  specimens  in  which  there  is  minimal  damage  and  which 
arc  free  of  debris  on  the  surface 


50  (im 


Figure  4.  An  optical  micrograph  of  a  notch  produced  by  a 
femtosecond  pulsed  laser  in  Ti-6246, 


shows  a  notch  that  has  been  machined  on  the  flat  of  a  specimen. 
Due  to  the  absence  of  a  damage  zone  around  the  notch,  we  have 
the  ability  to  study  the  crack  growth  rates  of  materials  in  the 
small-crack  regime  at  near- threshold  crack  growth  rates. 

This  technique  has  been  used  to  study  other  materials,  as  well 
[12].  The  specimen  design  shown  in  Figure  2  was  modified  for 
use  in  this  part  of  the  study.  Flats  of  approximately  2  mm  width 
were  machined  in  the  gage  section  of  the  specimens  w  ith  a  50  cm 
radius  grinding  wheel  They  were  machined  on  radially  opposing 
sides  of  the  specimen  to  maintain  symmetry  and  to  insure  that  the 
specimens  would  resonate  without  bending  at  20  kHz.  The  flats 
were  important  in  focusing  the  laser  on  the  specimen  surface 
during  the  machining  process,  During  testing,  images  of  the 
crack  were  taken  using  a  Quest  a  r  telescope  and  a  PC  running  the 
1MAQ  Vision  Buildci®  software  from  National  Instruments. 
This  setup  allowed  for  observation  of  crack  growth  in  real  time. 
The  flats  on  the  specimen  provided  a  constant  plane  of  focus  for 
the  optical  measurement  of  crack  lengths  during  testing. 
Measurements  of  the  crack  length  were  then  taken  approximately 
every  1000  cycles  following  initiation.  The  crack  growth  rates 
measured  from  these  images  arc  shown  in  Figure  9.  These  data 
arc  plotted  using  the  Newman -Raju  [13]  solution  for  stress 
intensity  assuming  a  semicircular  surface  crack. 


Results  and  Discussion 
Microstructural  Characterization 


As  the  demand  for  accuracy  of  fatigue  lifetime  predictions 
continues  to  increase,  new  methods  for  automating  the  task  of 
m  ic  rest  rue  lu  ral  c  ha  ractcri  za  t  ion  arc  b  c  i  ng  dc  v  eloped  [14,15].  For 
this  reason,  the  IMAQ  Vision  Builder®  (by  National  Instruments) 
software  was  used  for  this  task,  with  the  goal  that  a  script  could  be 
written  to  automate  the  process  and  remove  user  subjectivity  from 
the  quantitative  measurement  of  the  mic  restructure. 
Measurements  of  the  average  grain  size  were  collected  along  with 
a  distribution  of  the  grain  sizes.  The  primary  a  grain  size  was 
measured  to  be  37  pm  with  a  volume  fraction  of  27%.  The  grain 
size  was  measured  using  the  line  intercept  method,  and  the 


volume  fraction  was  found  with  the  point  count  method  The 
histogram  of  the  grain  size  distribution  is  shown  in  Figure  5a. 
The  largest  grains  arc  approximately  20  pm  in  diameter.  Fatigue 
cracks  were  observed  to  initiate  from  these  large  alpha  grains. 


Figure  5.  Grain  size  distribution  in  Ti-6246  (a)  histogram,  (b) 
lognormal  probability  density  function. 


Although,  the  probability  of  finding  grains  this  size  is  low,  the 
larger  grains  and  grain  clusters  tend  to  be  the  crack  initiating 
features  so  it  is,  therefore,  important  to  characterize  their 
distribution.  Lognormal  statistics  were  used  to  plot  the 
probability  density  function  for  the  distribution  of  grain  sizes  as 
shown  in  Figure  5b,  It  can  be  seen  that  ihe  distribution  of  a  grains 
was  reasonably  approximated  by  a  lognormal  distribution. 

In  Figure  5b,  the  three  curves  labeled  short,  middle,  and  long  lives 
represent  the  data  acquired  from  three  different  specimens, 
ranging  in  lifetimes  over  approximately  two  orders  of  magnitude. 
The  specimens  were  all  tested  at  700  MPa,  but  the  short-life 
specimen  failed  after  approximately  2  x  IQ*  cycles,  while  the 
longest-life  specimen  lasted  for  almost  2x10  cycles.  These 
specimens  were  examined  to  verify  that  the  scatter  in  lifetimes 
was  not  a  result  of  statistically  significant  variations  in 
microstructurc.  It  was  found  that  the  average  grain  size  and  the 
grain  size  distribution  were  essentially  the  same  for  the  short, 
middle,  and  long-life  specimens. 


Fatigue  Testing 


Figure  6  shows  the  combined  stress- life  (S-N)  curve  for 
conventional  and  ultrasonic  fatigue  tests.  Data  at  820  MPa  and 
above  were  acquired  using  conventional  testing  (20  Hz).  Data  at 
700  MPa  and  below  were  obtained  using  ultrasonic  testing  (20 
kHz),  The  S-N  behavior  from  both  techniques  was  found  to  be 
consistent  in  terms  of  crack  initiation  sites  and  scatter  in  fatigue 
lifetimes.  The  percentage  of  failures  that  had  subsurface  initiation 
sites  were  seen  to  increase  as  the  stress  level  decreased.  This  was 
found  in  both  conventional  and  ultrasonic  frequency  testing.  It 
was  also  found  that  the  amount  of  scatter  in  lifetimes  was 
consistent  in  conventional  and  ultrasonic  frequency.  The  bimodal 


Figure  6,  Fatigue  lifetime  as  a  function  of  maximum  stress  for 
conventional  and  ultrasonic  fatigue  testing 
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distribution,  which  has  been  described  in  the  literature  [6]  for 
conventional  frequencies  is  also  observed  here  in  tests  at 


Figure  7.  SBM  fractographs  of  the  crack  initiation  site  at  a 
duster  of  a  grains. 


ultrasonic  frequency.  The  four  short-life  data  points  at  600  MPa 
were  from  specimens  that  have  been  laser  notched  where  notches 
were  considerably  larger  than  the  largest  a  grain  diameter. 

Fractouraphv 

It  was  found  that  crack  initiation  sites  were  predominantly  at  a 
grains.  Fatigue  failures  observed  in  these  tests  initiated  at  one  of 
two  distinct  features.  Cracks  initiated  from  cither  large  a  grains 
or  from  clusters  of  average -sized  a  grains  which  are,  presumably, 
oriented  favorably  for  slip.  In  both  eases,  live  effective  size  of  the 
initiation  site  was  on  the  order  of  15-20  pm  in  diameter.  Clusters 
of  a  grains  as  an  initiation  site  were  found  in  both  subsurface  and 
surface  crack  initiation.  The  case  of  the  large  a  grains  being 
responsible  for  initiation  was  only  observed  in  some  subsurface 
failures.  Figure  7a  displays  a  fracture  surface  of  a  specimen  in 
which  initiation  occurred  at  a  cluster  of  a  grains.  Figure  7b  is  a 
higher  magnification  image  of  this  fracture  surface.  Figure  8 
illustrates  a  failure  in  which  the  crack  initiated  at  a  large  a  grain  of 
approximately  15-20  pm.  No  correlation  between  the  initiation 
sites  and  lifetimes  could  be  drawn  from  fractographic  analysis. 


Crack  Propagation 


Figure  8.  Scanning  electron  fractograph  illustrating  a  crack 
initiating  from  a  large  a  grain. 


Figure  9.  Crack  growth  rates  in  ultrasonic  and  conventional 
frequency  testing. 

The  fatigue  crack  propagation  rates  shown  in  Figure  9  for 
ultrasonic  frequencies  were  measured  for  cracks  initiating  from 
notches  such  as  the  one  shown  in  Figure  4.  The  length  of  these 
notches  is  approximately  II 0  pm  (-30  times  the  average  grain 
size)  so  these  data  may  not  show  small-crack  effects.  Initiation  of 
cracks  typically  occurred  between  104  and  I05  cycles.  The  crack 
growth  rates  shown  at  20  kHz  arc  in  good  agreement  with  crack 
propagation  rates  at  conventional  frequency.  It  appears  that  there 
may  be  a  slight  effect  of  frequency  on  the  propagation  rates,  but 
further  study  is  needed  to  confirm  this.  A  dependence  on 
frequency  might  be  expected  as  crack  growth  is  known  to  be 
sensitive  to  strain  rates  and  its  influence  on  the  development  of 
plasticity  at  the  crack  tip. 

Failure  Prediction 


Figure  10  shows  the  S-N  data  that  have  been  obtained  at 
ultrasonic  frequencies  in  Ti-6246.  Also  shown  in  the  plot  is  a 
band  which  predicts  fatigue  lifetime  for  different  initial  crack 
sizes.  This  band  is  bounded  by  two  lines,  which  are  calculated 
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using  the  crack  propagation  rates  observed  at  ultrasonic 
frequencies.  The  predictions  were  made  by  integrating  these 
crack  growth  rates  over  the  number  of  cycles  to  failure.  These 
predictions  arc  based  on  an  extrapolation  of  the  Paris-region  crack 


Figure  10.  The  SN  curve  with  the  worst-ease  lifetime  predictions 
overlaid  on  the  plot. 


growth  rates,  and  have  not  otherwise  been  corrected  for  possible 
small  fatigue  crack  effects.  The  short-lifetime  line  is  calculated 
assuming  that  a  crack  will  initiate  in  the  first  cycle  from  a  grain 
with  a  diameter  of  25  pm.  This  value  was  selected  since  it  agrees 
with  the  largest  experimentally  observed  crack  initiation  sites. 
The  longer- life  time  line  represents  the  lifetime  one  would  expect 
from  specimens  where  a  fatigue  crack  initiates  from  a  5  pm  gram 
in  the  first  cycle  of  loading.  This  corresponds  to  the  size  of  the 
smallest  initiation  site  that  was  seen  in  this  study.  The  fatigue 
lifetimes  observed  here  indicate  that,  as  expected,  most  cracks  do 
not  initiate  in  the  first  cycle  of  loading,  although  the  worst-ease 
cracks  dearly  initiate  very  early. 

The  open  circles  to  the  left  of  the  predictions  represent  the 
lifetimes  of  the  specimens  that  had  been  laser  notched  for  crack 
growth  studies.  The  notches  machined  in  ihis  study  arc  larger 
(-110  pm)  than  the  sizes  of  defects  typically  found  in  crack 
initiation.  As  the  sizes  of  the  notches  are  reduced  to  converge 
with  the  typical  defect  size  (-15-25  pm),  we  would  expect  to  see 
the  data  move  to  longer  lifetimes  and  be  in  line  with  the 
predictions  from  the  crack  growth  model. 


Conclusions 
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The  fatigue  behavior  observed  at  ultrasonic  frequencies  is 
consistent  with  that  seen  at  conventional  frequencies  for  Ti-6246 
in  terms  of  fatigue  lifetimes  and  fatigue  crack  growth  rates.  Two 
categories  of  failure  initiation  features  are  observed  in  this  alloy: 
clusters  of  u  grains  and  large  isolated  single  grams.  The  crack 
initiation  occurred  at  a  feature  that  was  approximately  15-25  pm 
in  diameter  for  all  eases.  The  measured  crack  growth  rates  were 
used  to  make  predictions  of  the  worst-ease  lifetimes  in  Ti-6246. 
These  predictions  arc  consistent  with  experimentally  observed 
worst-ease  lifetimes.  From  this  study  it  appears  that  ultrasonic 
fatigue  methods  can  be  used  to  obtain  critical  information  on  the 
role  of  microstructure  in  the  very  long  life  regime. 
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ABSTRACT 

Ultrasonic  fatigue  has  been  employed  to  examine  the  fatigue  behavior  of  Ti-6Al-2Sn-4Zr-6Mo  in  the  range 
of  106  to  I09  cycles.  Fatigue  tests  have  been  conducted  at  stresses,  o/oy.  ranging  from  -0.45-0.62  for  two 
different  heats  of  material.  The  variability  in  fatigue  lifetimes  was  2.5-3  orders  of  magnitude  at  all  stress 
levels.  Facets,  which  correspond  in  size  to  large  primary  a  grains,  were  found  at  the  sites  of  crack 
initiation.  Observation  of  the  crack  initiation  sites  did  not  reveal  morphological  features  that  could  be 
correlated  with  variability  in  lifetime.  Surface  and  subsurface  crack  initiation  sites  were  found  to  exhibit 
similar  lifetimes.  In  general,  the  amount  of  faceted  failure  in  the  region  of  crack  initiation  was  greater  than 
that  observed  as  the  crack  propagated.  The  topography  of  the  fracture  surface  was  quantified  and  shows 
that  most  of  the  facets  are  oriented  nearly  normal  to  the  stress  axis. 
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INTRODUCTION 

Engineering  components  used  in  various  applications  including  automotive  and  gas  turbine  engines 
typically  accumulate  106  to  109  cycles  in  their  intended  lifetime  [1-3].  To  make  accurate  lifetime 
predictions  in  the  regime  of  very  high  cycle  fatigue  (VHCF),  it  is  necessary  to  understand  the  fatigue 
behavior  in  this  range  of  stresses  and  lifetimes.  The  technique  of  ultrasonic  fatigue  affords  the  opportunity 
to  acquire  fatigue  lifetime  data  in  the  VHCF  regime  in  reasonable  times.  This  technique  was  developed  in 
the  1950’s,  but  recent  advances  in  the  control  instrumentation  allows  for  specimens  to  be  tested  under 
conditions  similar  to  those  used  at  conventional  frequencies  [4,5],  These  techniques  have  been  employed 
recently  in  studies  on  a  number  of  commercially  important  alloy  systems  [6-9], 
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In  a  number  of  structural  alloys  [8,10],  processing-related  defects  lead  to  the  premature  failure  of 
components  and  thus  obscure  the  fatigue  lifetime  variability  that  is  related  to  microstructura!  heterogeneity 
such  as  grain  size  distribution,  crystallographic  texture,  and  clustering  of  constituent  phases.  However, 
current  titanium  alloy  processing  technology  can  produce  relatively  clean  materials  with  a  very  low  defect 
number  density[  11].  In  these  alloys,  the  opportunity  exists  to  observe  the  role  of  microstructural 
heterogeneity  in  damage  accumulation  that  may  be  associated  with  variability  in  fatigue  crack  initiation  and 
growth. 

Fatigue  crack  initiation  is  generally  assumed  to  account  for  the  majority  of  fatigue  lifetime  in  applications 
where  imposed  stresses  are  low  relative  to  the  yield  stressf  1 2] ,  Thus,  to  predict  the  lifetimes  of  components 
in  the  gigacycle  regime,  it  is  important  to  develop  a  full  understanding  of  the  process  of  fatigue  crack 
initiation.  Hall  [11]  has  reviewed  the  fatigue  crack  initiation  behavior  of  a  +  p  titanium  alloys,  where  he 
defines  crack-like  discontinuities  as  the  feature  of  a  size  where  it  can  be  assumed  that  a  fatigue  crack  has 
initiated  and  can  be  described  by  models  for  short  crack  growth.  Generally,  slip  in  ctp  grains  was  found  to 
be  integral  to  the  formation  of  a  crack-like  discontinuity  (CLD).  In  some  cases,  the  slip  bands  in  ap  caused 
decohesion  of  the  ap  grain  from  the  p  matrix.  This  was  intensified  in  cases  where  a  number  of  ctp  grains 
were  in  close  proximity.  RaviChandran  and  Jha  [13]  recently  found  for  a  P-Ti  alloy,  Ti-10V-2Fe-3AI,  that 
the  clustering  of  ap  grains  was  the  critical  parameter  in  crack  initiation  and  thus  total  fatigue  life.  Evans 
[14]  considers  fatigue  crack  initiation  in  a  +  p  titanium  alloys  an  issue  of  stress  redistribution  in  the  matrix 
due  to  the  interaction  of  a  +  p  grains  based  on  their  orientation  relative  to  the  stress  axis.  These  results 
suggest  that  crack  initiation  in  two-phase  alloys  may  not  be  dependent  solely  on  the  largest  defect  or 
unfavorably  oriented  grain.  Our  recent  study  of  Ti-6246  [6]  indicates  that  crack  initiation  occurs  across 
individual  primary  a  grains  or  in  neighborhoods  of  primary  a  grains.  These  grains  are  found  relatively 
frequently  in  the  microstructure  and  consequently  their  size  alone  does  not  distinguish  them  as  crack 
initiating  features.  In  fatigue  studies  at  higher  stresses  for  Ti*6246,  [15-19],  it  was  also  found  that  facets  on 
the  fracture  surface  resulted  from  failure  of  the  ap  phase.  It  has  also  been  observed  [18],  that  crack 
initiation  occurred  at  a-p  interfaces  due  to  dislocation  pile-up  at  these  interfaces. 

While  bulk  or  average  microstructural  properties  can  be  used  to  predict  average  fatigue  behavior  [20],  it  is 
likely  that  the  large  variability  in  fatigue  behavior  observed  in  alloys  where  fatigue  life  is  controlled  by 
crack  initiation,  may  depend  strongly  on  the  variability  of  so-called  microstructural  neighborhoods.  The 
nature  of  microstructural  heterogeneity  that  ultimately  determines  fatigue  behavior  may  depend  on  a 
number  of  microstructural  features,  ranging  from  crystallographic  orientation  and  the  size  of  individual 
grains  to  the  characteristics  of  clusters  of  grains  [13,21],  and  numerous  microstructural  characterization 
techniques  have  been  used  to  relate  microstructure  to  fatigue  lifetime  variability  [22-24],  However,  for  the 
case  of  very  long  fatigue  lifetimes  (>  1 0s  cycles)  only  limited  studies  of  microstructural  variability  and 
fatigue  have  been  studied.  It  is  the  objective  of  the  current  work  to  examine  the  influence  of 
microstructural  variability  and  very  high  cycle  fatigue  behavior  for  the  a  +  p  alloy  Ti-6246. 


EXPERIMENTAL  PROCEDURE 

Fatigue  studies  were  completed  on  two  heats  of  a  +  P  processed  Ti-6AI-2Sn-4Zr-6Mo  (wt.%)  at  ultrasonic 
(20  kHz)  and  conventional  frequencies  (20  Hz),  Cylindrical  specimens  with  a  gage  length  and  diameter  of 
12.5mm  and  4mm,  respectively,  were  used.  As  shown  in  Figure  I,  the  bi-modal  microstructure  of  the  two 
heats  is  nominally  the  same;  both  materials  have  an  equiaxed  primary  a  phase  in  a  transformed  p  matrix. 
One  set  of  fatigue  specimens  came  from  a  forged  and  heat  treated  pancake  while  another  set  was  taken  from 
a  retired  disk.  The  grain  size  of  the  ctp  phase  was  measured  using  the  line-intercept  method  and  the  volume 
fraction  was  measured  using  the  point  count  method.  These  measurements  are  summarized  in  Table  I  for 
both  materials.  Grain  size  follows  a  log-normal  distribution.  While  the  average  ap  grain  size  for  each 
material  is  less  than  5  pm,  some  grains  are  on  the  order  of  20  pm  in  diameter. 
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Conventional  load-controlled  fatigue  tests  were  performed  on  servo- hydraulic  fatigue  machines  at  the  Air 
Force  Research  Laboratory  (AFRL)  while  ultrasonic  fatigue  studies  were  conducted  at  the  University  of 
Michigan.  Details  of  the  ultrasonic  fatigue  technique  can  be  found  elsewhere  [6-9],  All  tests  were  run  at  a 
stress  ratio  R=0.05  in  ambient  laboratory  air. 


Figure  l.  Scanning  electron  micrograph  (secondary  electron)  of  etched  specimens  from  the  forged  pancake  (left)  and  the  retired 
disk  material  (right)  are  shown.  The  ap  phase  appears  dark  while  the  transformed  p  phase  is  lighter. 


Table  l 

Microstructural  characterization 


Material 

Average  ap  grain  size 

V|QP 

Forged  Pancake 

3.7  pm  ±  2,6  pm 

27%  ±  2.9% 

Retired  Disk 

4.6  pm  ±  2.4  pm 

38.6%  ±  4.6% 

Fractography 

Scanning  electron  microscopy  (SEM)  was  used  to  observe  the  fracture  surfaces  of  failed  specimens. 
Individual  images  were  used  to  create  montages  with  the  necessary  resolution  and  field  of  view  to  analyze 
the  fracture  surfaces  of  selected  specimens.  Facets  were  generally  observed  on  the  fracture  surfaces  with 
greater  numbers  in  the  initiation  and  early  crack  growth  region.  To  quantify  the  degree  of  faceting,  area 
fraction  measurements  were  made  for  concentric  annuli  centered  at  the  crack  initiation  site.  The  location  of 
the  crack  initiation  site  was  determined  by  following  the  macroscopic  markings  on  the  fracture  surface. 
The  topography  of  the  fracture  surface  and,  particularly,  the  orientation  of  the  facets  relative  to  the  tensile 
axis,  were  determined  by  analysis  of  stereo  pairs  of  fractographs,  using  the  MeX  software  package. 

Orientation  Imaging  Microscopy  (OIM) 

Metallographic  specimens  were  prepared  for  orientation  imaging  microscopy  (OIM)  by  mechanical 
polishing  and  subsequent  electropolishing.  The  OIM  was  performed  in  a  Cambridge  S36GFE  scanning 
electron  microscope.  Orientation  data  was  gathered  using  a  TSL™  OIM  system.  A  working  distance  and 
sample  tilt  of  25  mm  and  70°,  respectively,  were  used.  The  accelerating  voltage  was  20  kV  and  the  probe 
current  was  10  nA,  A  step  size  of  0. 1  pm  was  employed.  The  sample  was  moved  in  automated  stage 
control  to  cover  a  large  area  in  a  single  scan. 


RESULTS  AND  DISCUSSION 
Fatigue  Lifetime  Data 


The  results  of  conventional  and  ultrasonic  fatigue  tests  for  both  materials  are  shown  in  Figure  2(a).  Data 
shown  for  GmaK=820  MPa  and  above  was  collected  at  conventional  frequencies.  Specimens  tested  at  20  kHz 
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were  tested  at  stresses  of  700  MPa  and  below.  Open  symbols  represent  surface  failures,  while  solid 
symbols  indicate  subsurface  crack  initiation.  Circles  are  used  to  indicate  runouts,  where  testing  was 
stopped  after  I04  cycles.  Runouts  were  only  observed  at  ultrasonic  frequencies.  Lifetimes  fell  into  the 
same  general  trend  for  specimens  tested  at  ultrasonic  and  conventional  frequencies.  Subsurface  crack 
initiation  was  more  frequent  at  lower  stresses  (longer  lifetimes)  for  both  test  methods. 

The  results  of  tests  at  ultrasonic  frequencies  are  detailed  in  Figure  2(b).  There  is  greater  scatter  in  the 
lifetimes  of  the  forged  pancake  specimens  compared  to  the  retired  disk  specimens,  the  minimum  lifetime  of 
specimens  from  the  retired  disk  is  slightly  greater  than  for  the  forged  pancake,  and  there  is  overlap  in  the 
lifetime  to  failure  for  cracks  that  were  initiated  from  surface  and  subsurface  sites.  The  decreased  scatter  in 
fatigue  lifetime  of  the  disk  material  may  result  from  a  more  homogeneous  distribution  of  crack  initiating 
features[25], 

Ti-6246  Fatigue  Data  TI-6246  Fatigue  Data 

(a)  RT,  R»0.05  (b)  20  kHl  RT.  R=D.0S 


Figure  2.  (a)  The  lifetime  data  is  shown  for  both  heats  of  material  to  compare  the  results  from  conventional  and  ultrasonic 
frequencies,  (b)  Ultrasonic  frequency  fatigue  data  for  both  forged  pancake  and  retired  disk  specimens. 

Fractography 

Crack  Initiation  Site  Analysis 

Most  fracture  surfaces  of  specimens  exhibited  varying  degrees  of  faceted  failure  at  or  near  the  site  of  crack 
initiation.  Figure  3(a)  and  (b)  are  examples  of  the  facets  observed  near  the  crack  initiation  site  for  surface 
and  subsurface  crack  initiation  sites,  respectively.  The  projected  size  of  these  facets  was  on  the  order  of  the 
size  of  the  larger  ap  grains  and  are  likely  to  be  the  result  of  a  cleavage  process  in  the  ap  grains.  Initial 
analyses  determined  that  neither  difference  in  the  size  of  the  facets,  defined  as  projected  maximum 
diameter,  nor  their  location  relative  to  the  specimen  surface  of  facets  near  the  presumed  initiation  sites 
correlated  with  fatigue  lifetimes. 

The  crack  initiation  sites  appeared  to  be  the  result  of  cleavage  of  clusters  of  ap  grains.  To  quantify  the 
amount  of  faceting  observed  on  the  fracture  surfaces,  measurements  of  area  fraction  were  made  as  a 
function  of  crack  size.  These  values  for  area  fraction  can  be  compared  based  on  the  calculated  stress 
intensity  values  for  cracks  of  various  sizes.  Figure  4  is  an  example  of  the  image  of  a  typical  fracture  surface 
that  has  been  prepared  for  this  analysis.  The  facets  have  been  highlighted  with  black,  while  the  concentric 
white  circles  are  centered  at  the  presumed  crack  initiation  site.  Using  the  Newman  Raju  stress  intensity 
solutions  [26]  for  surface  crack  initiation  and  Murakami  [27]  for  subsurface  penny-shaped  cracks,  crack 
sizes  for  integer  values  of  Kma*  ranging  from  2  to  7  MPa  m1/2  were  calculated.  The  circles  were  drawn  on 
the  fractograph  to  correspond  to  these  values.  This  analysis  was  completed  for  a  number  of  specimens  that 
failed  from  both  surface  and  subsurface  crack  initiation  sites.  All  specimens  either  failed  at  stresses  of  600 
or  700  MPa  and  the  lifetimes  to  failure  ranged  from  106  to  10R  cycles.  Table  2  lists  the  lifetimes  and 
stresses  for  the  specimens  from  which  area  fraction  of  the  facets  were  measured  for  reference.  The 
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specimens  selected  for  this  analysis  were  chosen  to  ensure  that  a  representative  range  of  fatigue  lifetimes 
and  stresses  was  sampled. 


Figure  3.  Facets  are  observed  near  the  crack  initiation  site  for  a  (a)  surface  initiation  and  (b)  subsurface  initiation. 


Figure  4.  A  subsurface  crack  initiation  site  is  shown.  The  facets  are  highlighted  with  black,  while  the 
concentric  white  circles  correspond  to  integer  stress  intensity  values  ranging  from  2  to  7  MPa  m'\ 


The  facets  correspond  to  primary  a  grains  and  thus  it  was  desirable  to  characterize  the  distribution  of  alpha 
grains  with  the  same  method  used  to  characterize  facets.  Figure  5(a)  displays  the  results  from  the  facet 
analysis  on  the  fracture  surface  while  Figure  5(b)  shows  the  results  from  the  analysis  of  the  metallographic 
surface.  As  shown  in  Figure  5(a),  the  area  fraction  of  facets  decreases  as  the  crack  propagates  for 
subsurface  failures  from  the  pancake  specimen.  The  dashed  horizontal  line  marks  the  area  fraction  of  ap 
measured  from  a  metallographic  specimen  (Figure  I)  and  the  lines  labeled  max  and  min  correspond  to  the 
maximum  and  minimum  values  for  area  fraction  of  ap  as  shown  in  Figure  5(b).  The  same  trends  were 
observed  for  surface  crack  initiation  and  for  specimens  from  the  retired  disk,  i.e.  the  area  covered  by  faceted 
failure  will  decrease  as  the  crack  propagates. 


Figure  5(a)  illustrates  that  the  amount  of  faceted  fracture  is  independent  of  lifetime  to  failure.  The  area 
fraction  of  ap  in  the  bulk  microstructure,  as  shown  in  Table  1,  is  approximately  30%.  However,  when 
smaller  sample  sizes  are  used,  local  deviations  from  the  mean  can  be  substantial  as  illustrated  in  Figure 
5(b).  These  values  were  acquired  by  randomly  sampling  the  forged  pancake  micrograph  shown  in  Figure  1 
and  measuring  the  area  fraction  of  the  ap  phase.  The  area  fraction  of  facets  on  the  fracture  surface  would 
exhibit  values  consistently  closer  to  the  maximum  if  clustering  of  ap  were  the  most  important  factor  in 
crack  initiation.  As  the  data  in  Figure  5(a)  illustrates,  the  area  fraction  of  facets  will  vary  significantly  from 
one  sample  to  the  next.  This  suggests  that  other  features,  such  as  crystallographic  orientation,  of  ap  grains 
have  more  of  an  effect  in  determining  the  site  of  crack  initiation  than  the  amount  of  clustering. 


Table  2 

Fatigue  results 


||  Specimen  Number 


14 


10 


18 
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II  Cycles  to  Failure 

4.12  x  107 

4.7  x  10T 

8.99  x  107 

3.26  x  10B  1 

1  Stress  (MPa) 

700 

600 

600 

600  1 

K_  iMP*  m  t  O  Ansrtt'  oJ  1^1 

Figure  5,  (a)  Area  fraction  measurements  for  the  facets  observed  in  specimens  with  a  subsurface  crack  initiation  site, 
(b)  The  area  fraction  of  Op  observed  in  the  metal  log  raphic  specimen  from  the  pancake. 


Facet  Orientation 


The  results  from  the  analysis  of  the  fracture  surface  using  stereo  pairs  to  create  3  dimensional 
reconstructions  of  the  fracture  surface  indicate  that  for  eight  of  the  ten  facets  measured  in  this  analysis,  the 
facet  normal  was  oriented  less  than  15°  with  respect  to  the  tensile  axis.  Measurements  of  the  facets  were 
made  in  two  orthogonal  directions.  Using  the  values  from  these  profiles  and  geometric  relationships,  it  is 
possible  to  calculate  the  angle  between  the  facets  and  the  stress  axis.  The  data  for  the  orientation  of  the 
facet  normals  with  respect  to  the  tensile  axis  are  shown  in  Table  3.  The  facets  analyzed  in  this  investigation 
are  highlighted  in  the  fractograph  shown  in  Figure  6.  The  facets  are  labeled  from  top  left  to  bottom  right 
across  the  fracture  surface.  The  circles  superimposed  on  the  fracture  surface  are  the  boundaries  for  integer 
stress  intensity  values  ranging  from  2  though  7  MPa  ml/J.  With  the  exception  of  facets  7  and  8,  which  are 
indicated  with  arrows,  the  facets  are  not  oriented  at  the  angle  of  critically  resolved  shear  stress.  This 
indicates  that  the  mechanism  of  crack  initiation  is  not  due  to  shearing  that  would  be  predicted  by  the 
Schmid  factor.  Facets  7  and  8  appear  to  be  far  enough  from  the  crack  initiation  site  that  they  did  not 
influence  the  crack  to  initiate  at  that  point  in  the  microstructure. 


Table  3 


Facet 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Angle 

7.53 

14.37 

13.23 

14.32 

8.04 

9.42 

46.01 

39.12 

0 

10.17 

Figure  6.  A  montage  of  SEM  fractographs  with  the  facets  highlighted.  The  facets  that  appear  light  were  measured  with  the  three 
dimensional  reconstruction,  while  the  darker  facets  were  used  to  measure  area  fraction  as  a  function  of  crack  size.  The  arrows 

mark  the  facets  that  are  oriented  nearly  45“  to  the  stress  axis. 
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Crystallographic  Orientation 


As  noted  previously,  the  size  and  orientation  of  the  crack  initiating  ap  grain  (or  grains)  by  themselves  do 
not  seem  to  control  the  variability  in  lifetime.  This  indicates  the  important  role  of  the  crack  initiation 
neighborhood  in  addition  to  the  faceted  a  grain(s)  in  causing  failure  initiation  and  fatigue  variability.  It  is 
thought  that  the  deformation  heterogeneity  as  caused  by  local  microstructural  deviations  from  the  mean 
characteristics  (especially,  local  crystallographic  orientations)  may  drive  the  crack  initiation  and  the  fatigue 
variability  behavior  of  this  material.  The  crack  initiation  region  was  sectioned  using  focused  ion  beam 
(FIB)  machining  to  reveal  the  underlying  microstructure  and  enable  01 M  measurements  [28].  Initial  results 
indicated  that  the  crack  initiating  ap  grain  had  close  to  basal  orientation  with  respect  to  the  loading  axis,  and 
the  surrounding  region  was  oriented  for  prism  <a>  type  deformation.  Orientation  imaging  microscopy  was 
completed  to  analyze  the  differences  in  texture  between  the  forged  pancake  and  the  retired  disk  that  would 
explain  the  different  scales  of  fatigue  variability  in  the  two  cases.  The  pole  figures  corresponding  to  (0001), 
(10-10),  and  (11-20)  directions  are  compared  in  Figure  7  (a)  and  (b)  for  the  pancake  and  the  disk  material 
respectively.  Clearly,  these  materials  have  different  textures.  Additionally,  the  (0001)  pole  figures  indicate 
an  increased  number  of  basal  poles  close  to  the  loading  axis  in  the  disk  material.  The  difference  in  the 
spatial  distribution  of  basal  a  between  the  two  microstructures  is  illustrated  in  Figure  8(a)  and  (b)  where, 
the  close  to  basal  grains  have  been  highlighted.  At  this  point,  it  is  not  clear  how  this  difference  in  the 
texture  correlates  with  the  fatigue  variability  behavior  of  the  two  materials.  However,  it  can  be  speculated 
that  the  increased  occurrence  of  close  to  basal  ap  in  the  disk  sample  may  increase  the  possibility  of  a  more 
even  distribution  of  critical  regions  for  crack  initiation  therefore,  decreasing  the  scale  of  variability. 
Nevertheless,  studying  the  role  of  texture  in  affecting  the  distribution  of  critical  neighborhoods  in  a  sample 
will  be  important  for  a  complete  understanding  of  the  differences  in  the  fatigue  variability  behavior  of  the 
two  microstructures. 


Figure  7.  The  pole  figures  for  the  (a)  pancake  and  (b)  disk  material  illustrate  that  the  there  are  different  textures  in  the  two  heats 
of  material. 
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Figures.  The  Op  grains  with  near  basal  orientation  are  highlighted  in  white.  Only  a  few  such  grains  exist  (as  indicated  with 
arrows)  in  (a),  while  for  (b)  there  are  many  more  grains  with  this  crystallographic  orientation  (BSE  image). 


CONCLUSIONS 

The  results  indicate  that  fatigue  lifetimes  of  specimens  are  not  affected  by  testing  frequency.  Specimens 
tested  at  conventional  and  ultrasonic  frequencies  follow  similar  trends.  There  is  an  increasing  likelihood  of 
subsurface  crack  initiation  sites  as  the  testing  stress  is  decreased  for  both  conventional  and  ultrasonic 
frequencies.  On  average,  specimens  with  subsurface  crack  initiation  sites  exhibit  longer  lifetimes 
regardless  of  testing  frequency.  Fatigue  cracks  that  initiate  from  subsurface  sites  are  expected  to  propagate 
slower  than  surface  initiated  cracks  since  they  are  growing  in  near  vacuum  conditions.  The  morphology  of 
the  crack  initiation  sites  is  the  same  in  that  the  initiating  features  are  ap  facets  at  conventional  and  ultrasonic 
frequencies.  The  amount  of  scatter  in  the  fatigue  lifetime  data  is  the  same  regardless  of  frequency.  These 
statements,  taken  together,  support  the  view  that  fatigue  lifetimes  and,  by  extension,  the  crack  initiation 
lifetimes,  are  not  altered  by  the  change  in  testing  frequency. 

The  crack  initiating  features  are  ap  grains,  which  often  produce  a  faceted  morphology  upon  failure.  The 
amount  of  faceted  failure  varied  from  specimen  to  specimen  and  the  area  covered  by  the  facets  near  the  site 
of  crack  initiation  does  not  correlate  with  fatigue  lifetimes.  The  maximum  area  fraction  measurements  for 
the  dp  were  well  above  the  measured  area  fractions  of  facets  on  a  fracture  surface.  This  indicates  that  the 
spacing  of  ap  grains  alone  is  not  the  critical  factor  in  determination  of  the  crack  initiation  site.  This  Finding 
suggests  that  the  site  of  crack  initiation  is  determined  by  other  factors  such  as  crystallographic  orientation 
of  grains  within  a  given  neighborhood  of  material. 

Fracets  are  not  isolated  to  the  site  of  crack  initiation,  as  they  are  also  observed  in  regions  of  fatigue  crack 
propagation.  The  area  fraction  of  faceted  failure  decreases  below  the  volume  fraction  of  the  ap  phase  as  the 
crack  propagates.  This  would  indicate  that  either  the  propagating  crack  avoids  the  ap  phase  or  that  the 
mode  of  failure  within  ap  grains  changes  with  crack  size  so  that  the  resulting  morphology  on  the  fracture 
surface  is  not  a  facet. 

Using  three  dimensional  surface  reconstructions,  the  angle  of  facet  normals  with  respect  to  the  stress  axis  is 
less  than  15°  for  the  facets  that  are  located  at  the  crack  initiation  site.  The  same  can  be  said  for  a  majority 
of  the  facets  across  the  region  of  crack  propagation.  This  indicates  that  these  facets  are  not  created  because 
they  are  the  planes  of  the  maximum  critically  resolved  shear  stress.  More  likely,  the  facets  are  formed 
based  on  the  characteristics  and  deformation  behavior  of  a  given  neighborhood  of  material  such  as 
crystal lograpliic  orientation  or  localized  plasticity. 

The  textures  of  the  pancake  and  disk  material  are  noticeably  different  in  terms  of  the  distribution  of  cip 
grains  with  respect  to  the  loading  axis.  The  material  taken  from  the  retired  disk  displays  much  less  scatter 
in  fatigue  lifetimes  than  material  from  the  forged  pancake.  Primary  alpha  grains  with  basal  poles  nearly 
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parallel  to  the  loading  axis  were  more  homogeneously  distributed  in  the  disk  material  than  the  pancake 
material. 
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Abstract 

Ultrasonic  fatigue  has  been  employed  as  a  technique  to  characterize  the  fatigue  behavior  of  Ti- 
6%AI-2%Sn-4%Zr-6%Mo  in  the  very  high  cycle  regime.  The  microstructure  is  a  two-phase 
structure  with  primary  a  grains  (otp  grains)  in  a  transformed  p  matrix,  ap  grains  produce  a  faceted 
morphology  upon  failure  near  the  site  of  fatigue  crack  initiation.  The  microstructure  at  the  site 
of  fatigue  crack  initiation  has  been  examined  using  orientation  imaging  microscopy  (OI M)  and  a 
texture  suited  for  basal  and  prismatic  slip  exists  there.  ap  grains  and  a  laths  with  similar 
crystallographic  orientations  relative  to  one  another  have  been  found  just  below  the  crack 
initiation  site  in  some  samples.  Based  on  these  findings,  it  is  proposed  that  the  local 
microtexture  is  a  critical  factor  in  determining  the  site  of  fatigue  crack  initiation.  The 
crystallographic  orientations  within  the  a  phase  material  (ap  grains  and  laths)  found  near  the 
crack  initiation  site  are  aligned  with  each  other  such  that  if  one  is  oriented  for  slip,  it  will  be  easy 
to  transmit  slip  into  adjacent  grains.  These  findings  indicate  that  at  low  stresses  and  long 
lifetimes,  the  fatigue  critical  defects  are  microtextured  volumes  of  material. 

Introduction 

The  exceptional  cost  of  maintenance  and  repair  of  turbine  engine  components  has  increased 
interest  [I]  in  developing  more  accurate  physically-based  models  of  fatigue  lifetimes  in  the  very 
long  lifetime  range  of  1 06-  i  09  cycles.  Ultrasonic  fatigue  is  a  technique  that  provides  researchers 
with  a  tool  for  acquiring  statistically  significant  data  in  the  very  high  cycle  fatigue  (VHCF) 
regime  in  a  reasonable  period  of  time.  VHCF  behavior  is  becoming  of  greater  technological 
interest  for  other  engineering  alloys,  as  well.  Thus,  ultrasonic  fatigue  techniques  have  found 
usefulness  in  characterizing  the  fatigue  behavior  of  a  number  of  different  alloy  systems; 
including  aluminum  [2],  magnesium  [3],  nickel-based  [4],  and  titanium  [5,6]  alloy  systems. 

Fatigue  crack  initiation  is  known  to  consume  the  majority  of  fatigue  lifetimes  in  the  VHCF 
regime  and  as  a  result,  there  is  an  interest  in  determining  the  mechanisms  of  fatigue  crack 
initiation  and  how  the  nearby  microstructural  neighborhood  affects  this  process.  In  fatigue 
studies  of  alpha  +  beta  titanium  alloys,  [6-9]  cyclic  deformation  localization  is  first  observed  in 
the  alpha  phase.  Mahajan  and  Margolin  [9]  observed  that  slip  traces  nucleate  within  primary 
alpha  grains  and  at  alpha  lath/transformed  beta  interfaces.  They  concluded  that  the  fatigue 
properties  of  a  +  p  titanium  alloys  could  be  improved  by  limiting  the  accumulated  slip  in  the 
alpha  phase  of  these  materials.  This  could  be  achieved  either  by  eliminating  the  presence  of 


large  ap  grains  or  by  maximizing  the  distance  between  individual  otp  grains.  Hall’s  review  [10]  of 
fatigue  in  a+fl  titanium  alloys  also  concludes  that  the  fatigue  strength  of  this  class  of  alloys 
depends  predominantly  on  the  spacing  between  ap  grains  since  this  distance  affects  the  ease  of 
slip  transmission  to  neighboring  grains.  Hall  describes  an  initiated  fatigue  crack  as  a  crack-like 
discontinuity  (CLD),  after  which  point  the  feature  behaves  as  a  small  fatigue  crack.  This  idea 
can  be  extended  to  assume  that  the  crack  initiation  may  originate  from  a  range  of  individual 
features  or  a  collection  or  cluster  of  individual  features  with  related  properties  (e.g.  size  or 
orientation)  that  can  favor  fatigue  crack  initiation  [11,  12], 

In  titanium  alloys  with  limited  slip  systems,  grain  orientation  and/or  texture  can  have  a  large 
effect  on  the  active  deformation  mechanisms  [13].  Sinha  et.  al.  [14]  studied  the  dwell-fatigue 
behavior  of  Ti-6242  and  found  that  regions  of  material  oriented  for  basal  and  prismatic  slip  were 
associated  with  the  fatigue  crack  initiation  sites.  Le  Biavant  et.  al.  [15]  observed  the  presence  of 
microtextured  regions  in  Ti-6A1-4V  and  found  that  these  regions  were  the  distinguishing 
characteristic  of  the  fatigue  crack  initiation  sites.  These  studies  indicate  that  white  individual  ap 
grains  may  not  act  as  fatigue  crack  initiation  sites,  microstructural  neighborhoods  composed  of 
such  grains  with  similar  crystallographic  orientations  can  favor  crack  initiation.  It  is  also  possible 
that,  as  the  stress  range  decreases  and  lifetimes  increase  into  the  VHCF  range,  the  nature  and 
frequency  of  occurrence  of  these  favorable  clusters  can  play  a  more  important  role  in  controlling 
fatigue  life.  Thus,  in  the  present  study,  an  investigation  of  the  nature  of  the  crack  initiation 
regions  in  the  VHCF  regime  is  undertaken  in  an  effort  to  better  understand  the  relationship 
between  microstructure  variability  and  fatigue  life. 

Material  and  Experimental  Procedures 

Material 

The  material  used  in  this  study  is  Ti-6AI-2Sn-4Zr-6Mo,  an  alpha  +  beta  forged  near-alpha  alloy. 
Figure  1  illustrates  the  microstructure  of  this  material  which  has  an  equiaxed  primary  alpha 
phase  (dark  phase)  distributed  in  a  matrix  of  transformed  beta  (lighter  phase).  The  ap  grain  size 
was  measured  using  the  linear  intercept  method  and  can  be  described  as  log-normally  distributed 
about  a  mean  grain  size  of  3.7  ±  2.6  pm.  The  volume  fraction  of  the  primary  alpha  phase  is 
-30%,  as  determined  by  the  point  count  method.  Cylindrical  fatigue  specimens  have  a  uniform 
gage  section  of  16  mm  in  length  and  4  mm  in  diameter.  All  specimens  were  electropolished 
prior  to  testing  to  eliminate  residual  stresses  from  machining. 


Figure  I*  Secondary  electron  micrograph  that  displays  the  equiaxed  ap  and  transformed  beta  matrix  micros  true  Cure 

of  the  material  examined  in  this  study. 


Experimental  Procedures 

Ultrasonic  fatigue  tests  were  conducted  with  a  positive  mean  stress  ratio  of  0.05  at  room 
temperature  in  laboratory  air  as  previously  described  [5],  Specimens  were  tested  at  ultrasonic 
frequencies  near  20  kHz  in  displacement  control  using  feedback  from  a  Hall  Effect  sensor.  Foil 
strain  gages  were  applied  to  the  specimen  to  calibrate  the  displacement  amplitude  with  the  input 
signal.  An  interferometric  strain  displacement  gage  was  developed  which  allowed  direct 


measurement  of  the  strains  using  fiducial  marks  on  the  specimen  surface.  Data  acquired  with 
this  technique  was  used  to  further  calibrate  the  system. 

The  fracture  surfaces  of  failed  specimens  were  examined  in  an  XL30  FEG  SEM.  Orientation 
imaging  microscopy  (OIM)  was  used  to  gather  crystallographic  data  from  the  grains  near  the 
crack  initiation  site.  OIM  patterns  were  collected  in  the  same  SEM  with  detectors  and  software 
made  by  TSL.  Since  deformation  free  surfaces  are  required  for  the  acquisition  of  OIM  patterns, 
the  final  polishing  steps  were  found  to  be  critical  to  pattern  acquisition.  Accordingly,  specimens 
were  prepared  by  hand  polishing  down  to  0.05  pm  alumina  with  subsequent  polishing  completed 
in  a  Buehler  Vibromet  II  vibratory  polisher  on  0.05  pm  colloidal  silica  for  3  hours.  Without 
vibratory  polishing,  no  Kikuchi  bands  were  detectable  in  the  OIM  detector. 


Results  and  Discussion 

Ultrasonic  Fatigue  Testing 

Fatigue  tests  have  been  completed  at  20  kHz  and  at  20Hz  on  the  same  heat  of  material  and  the 
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results  are  shown  in  * 

Figure  2.  The  S-N  curve  for  Ti-6246  at  room  temperature  and  R=0.05  demonstrates  that 
variability  in  the  fatigue  lifetime  data  exists  for  lives  in  the  VliCF  regime. 

,  where  cycles  to  failure  is  plotted  again  maximum  stress  (R  =  0.05).  No  effect  of  frequency  on 
the  fatigue  lifetimes  for  this  alloy  and  microstructure  was  observed.  However,  there  is  an 
increasing  tendency  towards  subsurface  crack  initiation  at  lower  stress  levels.  This  trend  is 
observed  at  conventional  frequencies  and  continues  into  the  lower  stress,  long-lifetime  regime 
characterized  at  ultrasonic  frequencies. 


Figure  2.  The  S-N  curve  for  Ti-6246  at  room  temperature  and  R=0.05  demonstrates  that  variability  in  die  fatigue 

lifetime  data  exists  for  lives  in  the  VHCF  regime. 


Fractographic  Analysis 

As  shown  in  Figure  3,  the  crack  initiation  sites  were  always  found  to  contain  a  cluster  of  a  few  ctp 
facets,  which  are  formed  by  the  fracture  of  ctp  grains.  The  ap  facet  sizes  follow  a  normal 
distribution  and,  as  Error!  Reference  source  not  found,  shows,  the  average  facet  diameter  is 
6.0  ±  1.8  pm,  This  is  slightly  larger  than  the  measured  Op  grain  size  of  3.7  ±  2.6  pm.  Figure  4 
illustrates  that  the  average  ap  facet  is  the  same  size  as  commonly  occurring  otp  grains.  Thus,  the 
ap  facets  are  not  considered  to  be  unique  because  of  their  size. 
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The  crack  initiation  sites  exhibit  clusters  of  ap  facets  which  are  highlighted  in  the  fractograph 
shown  in  Figure  5.  Arrangements  of  ap  grains/laths  that  promote  transmission  of  slip  into 
neighboring  grains/laths,  such  as  clusters  or  contiguous  ap  grains  are  known  to  be  crack  initiating 
features  [Error!  Bookmark  not  defined.,  Error!  Bookmark  not  defined.,  Error!  Bookmark 
not  defined.].  Thus,  a  quantitative  measurement  of  ap  facet  clusters  was  completed  [16]  to 
assess  the  distribution  of  ap  grain  clusters  within  the  general  microstructure.  By  measuring  the 
area  fraction  of  the  ap  grains  on  a  local  scale  and  comparing  these  measurements  to  area  fraction 
measurements  of  facets  on  the  fracture  surface  it  was  found  that  ap  clusters  of  this  size  are 
commonly  found  in  the  general  microstructure.  Examples  of  some  of  these  ap  clusters  are 
circled  in  Figure  5.  This  analysis  supports  the  theory  that  something  other  than  ap  cluster  size  or 
severity  must  be  responsible  for  fatigue  crack  initiation. 


figured.  Clusters  ofap  facets  as  shown  here  are  found  at  the  site  of  fatigue  crack  initiation. 


Figure  4.  This  histogram  displays  the  distribution  of  ap  facet  size  and  ap  grain  size. 


Figure  5*  The  ap  facets  have  been  highlighted  in  this  fractograph.  The  micrograph  of  a  general  metal  lographic 
surface  indicates  that  there  are  a  number  of  ap  clusters  that  are  as  large  or  larger  than  the  dusters  of  ap  facets  on  the 

fracture  surface. 


Stereo  pairs  were  created  to  examine  the  spatial  orientation,  relative  to  the  tensile  axis,  of  the 
facets  near  the  fatigue  crack  initiation  site.  Some  of  these  facets  were  inclined  for  maximum 
resolved  shear  stress  while  others  were  nearly  perpendicular  to  the  loading  axis.  Of  the  47  facets 


measured  with  this  technique,  the  average  angle  of  inclination  with  respect  to  the  plane  formed 
normal  to  the  loading  axis  is  30°.  The  larger  facets  were  mostly  found  to  be  inclined  greater  than 
35°  with  respect  to  the  horizontal  plane.  It  appears  that  facets  on  the  order  of  10  pni  are  found  to 
be  oriented  for  slip  at  the  site  of  fatigue  crack  initiation. 

Crystallographic  Orientation  of  ac  Facets 

It  is  clear  that  the  ap  facets  form  along  a  crystallographic  direction  favorable  for  slip. 
Mechanisms  of  stress  redistribution  at  the  local  level  have  been  developed  [17,18]  to  explain  the 
presence  of  facets  on  fatigue  fracture  surfaces  in  titanium  alloys  because  of  the  limited  slip 
systems  available.  It  was  desired  to  determine  the  crystallographic  orientations  relative  to  the 
tensile  axis  so  that  these  slip  planes  could  be  identified.  The  FIB  was  used  to  selectively  micro¬ 
machine  through  some  of  the  facets  observed  at  the  site  of  fatigue  crack  initiation.  Through  the 
combined  approach  of  stereology  and  OIM  it  was  possible  to  resolve  the  spatial  and 
crystallographic  orientation  of  the  ap  facet  and  the  Ctp  grain  containing  the  facet.  A  total  of  7 
facets  were  analyzed  using  this  combined  approach.  In  each  case,  the  facet  plane  was  parallel  to 
the  basal  plane  of  the  material.  This  is  illustrated  in  Figure  6  and  the  data  is  shown  in  Table  1. 
The  spatial  orientation  describes  the  angle  of  inclination  of  the  facet  relative  to  horizontal,  i.e.  a 
facet  with  a  low  spatial  orientation  is  nearly  perpendicular  to  the  tensile  axis.  The 
crystallographic  orientation  describes  the  orientation  of  the  basal  pole  of  the  material  with 
respect  to  the  tensile  axis.  From  these  initial  results,  the  facet  plane  is  a  fractured  basal  plane  of 
the  ap  grain  and  therefore,  basal  type  slip  is  an  active  deformation  mode  for  this  material  and 
stress  level.  In  light  of  the  previous  studies  [Error!  Bookmark  not  defined., Error!  Bookmark 
not  defined.]  on  fatigue  facet  formation  in  titanium  alloys,  it  should  be  stated  that  the 
hypothesized  Stroh-type  mechanism  is  not  the  mechanism  of  crack  initiation.  It  certainly 
appears  that  some  facets  form  perpendicular  to  the  tensile  axis,  but  this  would  be  expected  to 
occur  in  some  number  of  ap  grains.  Most  of  the  larger  facets  near  the  site  of  crack  initiation  are 
oriented  for  basal  slip. 
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Figure  6.  The  OEM  pattern  indiactes  which  facets  were  examined  while  the  inverse  pole  figure  plots  the 

crystallographic  orientations  of  those  facets. 


Table  1.  Crystallographic  and  Spatial  Orientations  of  the  a.  Facets 


Facet 

1* 

2 

3 

4 

Spatial  Orientation 

44° 

42° 

25° 

15° 

Crystallographic  Orientation 

55° 

48° 

30° 

13° 

♦  This  feature  is  not  a  qp  facet.  It  is  a  transformed  beta  grain  that  fractured  along  a  basal  plane  of  the  a  laths. 


Texture  of  Crack  Initiation  Site 

The  ap  grains  in  which  facets  form  are  not  unique  relative  to  the  general  microstructure.  Thus, 
there  must  be  some  mechanism  for  slip  transmission  between  adjacent  ap  grains  such  that  a 
given  neighborhood  of  material  is  more  susceptible  to  crack  initiation  than  adjacent  areas 
[Error!  Bookmark  not  defined.].  To  ascertain  the  likelihood  of  this  theory,  serial  sectioning 
was  used  to  reveal  the  volume  of  material  just  beneath  the  crack  initiation  site  for  analysis  of 


texture  in  the  OIM.  A  typical  01 M  pattern  and  the  corresponding  discrete  inverse  pole  figure  are 
shown  in  Figure  7.  The  loading  direction  in  the  OIM  pattern  is  vertical  in  the  plane  of  the  page. 
The  inverse  pole  figures  shown  in  the  figure  are  typical  of  those  collected  from  the  near-crack 
initiation  region.  The  Schmid  factor  iso-curves  are  shown  on  the  discrete  pole  figures  for  both 
basal  and  prismatic  slip  and  the  arrows  indicate  the  location  of  the  maximum  Schmid  factor.  The 
clusters  of  dots  near  the  maximum  Schmid  factor  indicate  that  the  a  material  near  crack  initiation 
is  oriented  to  activate  both  basal  and  prismatic  slip.  In  a  number  of  cases  the  slip  planes  for  basal 
and  prismatic  slip  were  well  aligned  relative  to  adjacent  grains,  suggesting  that  both  basal  and 
prismatic  slip  are  active  slip  systems.  These  results  are  consistent  with  the  work  of  Bridier  et.  al. 

[19]  in  which  a  procedure  of  serial  sectioning  coupled  with  EBSD  analysis  was  used  to 
determine  that  the  grains  near  the  crack  initiation  site  were  oriented  to  maximize  the  resolved 
shear  stress  (highest  Schmid  factor)  on  the  basal  and  prismatic  planes.  Judging  from  the 
observed  texture  and  the  fact  that  the  CRSS  for  prismatic  and  basal  slip  are  approximately  equal 

[20] ,  it  is  reasonable  to  suggest  that  both  types  of  slip  were  operative. 

Basal  Slip  Prism  Slip 


Figure  7.  OIM  pattern  for  the  material  found  just  below  the  fracture  surface  for  one  of  the  failed  specimens.  In  this 
pattern,  different  colors  correspond  to  different  crystallographic  orientations. 

Summary  and  Conclusions 

The  fatigue  behavior  has  been  characterized  at  conventional  and  ultrasonic  frequencies  for  Ti- 
6246.  Fatigue  cracks  have  been  found  to  initiate  at  both  surface  and  subsurface  locations.  In 
both  cases,  a  cluster  of  ctp  facets  are  observed  near  the  site  of  fatigue  crack  initiation.  The 
individual  ap  facets  form  in  ctp  grains  of  relatively  average  size  that  are  commonly  distributed 
throughout  the  matrix.  The  crystallographic  orientation  of  the  facets  was  measured  for  a  number 
of  samples  that  failed  from  subsurface  crack  initiation  and  it  was  found  that  the  facets  are  formed 
from  the  fracture  of  ap  grains  along  the  basal  plane.  Stereology  was  completed  and  it  was 
determined  that  the  facets  are  often  oriented  to  maximize  the  resolved  shear  stress.  The  local 
texture  of  the  crack  initiation  site  was  examined  using  OIM  and  the  alpha  material  is  suited  for 
basal  and  prismatic  slip.  Since  the  ap  facets  are  not  continuous,  the  local  microtexture  is 
believed  to  be  necessary  for  promoting  slip  in  nearby  a  grains.  Thus,  the  crack  initiating  volume 
is  composed  of  ap  grains  that  fracture  along  the  basal  plane  surrounded  by  regions  of  material 
suited  for  easy  basal  and  prismatic  slip. 
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Abstract 

An  ultrasonic  fatigue  testing  system  capable  of  operating  at  temperatures  up  to  1000  JC  has  been  developed  and  utilized  to  study  the  fatigue 
behavior  of  a  single  crystal  supcralloy  (PWA  1484)  at  a  temperature  of  1000  and  loading  frequency  of  approximately  20  kHz.  The  stress-life  data 
generated  from  the  ultrasonic  testing  system  were  comparable  lo  those  from  conventional  servo- hydraulic  fatigue  tests  for  similar  single  crystal 
alloys.  Interior  Ta-nch  carbides  were  the  major  microstructural  feature  responsible  for  crack  initiation  in  the  alloy.  Crack  growth  under  ultrasonic 
loading  frequency  at  1 000 '  C  for  PWA  1 484  occurred  in  a  crystallographic  manner  on  { tl  I }  octahedral  slip  planes,  in  contrast  to  the  normal 
Modc-I  growth  mode  typically  observed  for  single  crystal  superalloys  at  high  temperature  (>850  C)  with  conventional  servo-hydraulic  loading 
frequencies  (<100  Hz), 

©  2006  Elsevier  B.V,  All  rights  reserved. 
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1*  Introduction 

Vibrations  in  gas  turbine  engines  are  a  potential  cause  for 
fatigue  failure  of  turbine  airfoils  during  engine  operation  [  l  ,2]. 
Such  vibrations  may  arise  from  a  wide  range  of  stimuli*  such  as 
the  turbulent  flow  around  the  airfoil  itself*  and  can  range  in  fre¬ 
quency  from  a  few  Hz  to  many  thousands  of  Hz,  If  the  excitation 
frequencies  are  close  to  one  of  the  natural  resonant  frequencies 
of  the  blade*  or  if  the  amplitude  of  the  stimulus  is  high  enough, 
then  high  cycle  fatigue  failure  of  the  blades  may  occur.  High 
pressure  turbine  blades  for  high  performance  aircraft  engines  are 
typically  composed  of  single  crystal  nickel-base  superalloys,  as 
they  provide  a  combination  of  superior  creep*  stress  rupture, 
oxidation  resistance  and  thermal-mechanical  fatigue  capabil¬ 
ities  over  polycrystailine  alloys.  Hence,  the  fatigue  behavior 
of  single-crystal  superalloys  loaded  by  vibratory  stresses  is  a 
major  concern  regarding  the  safety  and  reliability  of  gas  tur¬ 
bine  engines.  However,  the  availability  of  a  materials  database 
for  fatigue  under  conditions  relevant  to  turbine  blade  operation 
is  severely  limited  to  date  due  to  lack  of  reliable  and  efficient 
testing  methodologies  at  frequencies  in  the  kHz  range  and  at 
temperatures  up  to  1 000  °C. 


*  Corresponding  author.  TcL:  +1  734  615  5162;  fax:  +1  734  615  5168 
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In  general*  fatigue  tests  in  the  very  long  lifetime  regime 
(>10®  cycles)  are  prohibitively  time  consuming  with  conven¬ 
tional  servo-hydraulic  testing  equipment*  where  a  maximum 
loading  frequency  on  the  order  of  100  Hz  is  typical.  For  this 
reason*  few  studies  of  high  cycle  fatigue  behavior  of  nickel- 
base  single  crystals  at  very  long  lifetimes  using  conventional 
instrumentation  have  been  performed  [2].  While  high  tem¬ 
perature  fatigue  studies  of  these  materials  at  very  high  fre¬ 
quencies  in  the  range  of  10-20  kHz  have  not  been  reported* 
a  number  of  studies  at  temperatures  up  to  600  °C  have  been 
recently  completed  on  a  wide  range  of  structural  alloys*  includ¬ 
ing  aluminum  [3,4],  steel  [5]*  titanium  [6*7]  and  polycrys¬ 
tailine  superalloys  [8].  Thus*  ultrasonic  fatigue  techniques  offer 
a  potentially  attractive  approach  for  investigation  of  the  high 
cycle  fatigue  behavior  of  superalloy  single  crystals  at  very  high 
vibratory  loading  frequencies  [9],  In  this  paper*  we  describe 
a  novel  approach  using  ultrasonic  fatigue  testing  instrumen¬ 
tation  to  examine  the  fatigue  behavior  of  a  nickel-base  super¬ 
alloy  single  crystal  cycled  at  20kHz  at  a  temperature  of 
1000 °C 

2*  Material  and  development  of  experimental  procedure 

The  material  used  in  this  investigation  is  a  single  crystal 
superalloy,  designated  PWA  1484.  The  nominal  composition 
(wt%)  of  the  alloy  is  5.6  Al.  8,7  Ta>  5.0  Cr*  2.0  Mo*  10,0  Co,  3.0 
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(a) 


relationship  [  1 2]: 

|  =  Si,  -l(su  +  (I) 

E  is  Young's  modulus  along  a  selected  crystallographic  direc¬ 
tions;  S][,  S i2,  and  544  arc  compliance  coefficients  which  are 
experimentally  determined;  /|  T  h ,  and  /3  -  direction  cosine  cor¬ 
responding  to  loading  axis. 

Compliance  coefficients  as  a  function  of  temperature  ( T ,  °C) 
were  utilized  from  room  temperature  to  1093  °C.  By  data  fitting, 
the  Young's  modulus  along  (00  I),  as  a  function  of  temperature 
(T,  °C)  can  be  approximated  by: 

E(IOO)  =  123.53  -  0.033T  + 7.40  x  1(T67’2 

-1.51  x  10_sr3{GPa).  (2) 

Fatigue  specimens  were  machined  with  the  tensile  axis  paral¬ 
lel  to  within  5°  of  the  (0  01)  direction,  giving  a  maximum  devia¬ 
tion  in  modulus  of  less  than  2%.  Fatigue  tests  were  conducted  at 
1000 °C  under  fully  reversed  loading  (/?  = —  1  )>  in  an  ultrasonic 
fatigue  test  system  with  a  nominal  resonant  frequency  of  20  kHz. 
Fig.  2(a)  shows  the  load  train  of  the  testing  system,  which  con* 
sists  of  an  ultrasonic  transducer,  a  displacement  amplification 


Fig  l,  {a)  Dircciionally-solidi fied  dendritic  structure  of  PWA i 4&4  single  crystal 
superalloy  sectioned  parallel  to  the  solidification  direction;  (b)  microstructure 
consisting  of  carbides  and  eutectic  distributed  around  interdendrilic  region,  the 
inset  SEM  image  indicating  the  cubic  Y  particles  and  y  channels. 


Re,  6.0  W,  0.04  B,  0. 10  Hf,  <0.05  C,  and  balance  Ml  (10,1 1].  Sin¬ 
gle  crystal  rods  were  directionally  solidified  to  produce  a  (00  1 ) 
crystal  orientation.  AOersolidificaiion,  the  casting  was  subjected 
to  hot  isostatic  pressing  (HIP)  to  eliminate  porosity,  followed  by 
a  standard  solution  heat  treatment  and  age  at  GE  Aviation.  The 
resulting  microstructure,  shown  in  Fig.  lt  consists  of  a  dendritic 
structure  with  cubic  y*  particles  with  a  diameter  of  approxi¬ 
mately  0.5  pirn  (see  the  inset  in  Fig.  1(b)),  coarse  eutectic  (7  +  y') 
and  carbides  distributed  in  interdendrilic  regions.  The  primary 
dendrite  arm  spacing  is  approximately  600  p.m.  No  porosity  or 
other  extrinsic  defects  were  observed. 

Since  specimens  are  cycled  in  resonance  during  ultrasonic 
fatigue  testing,  the  elastic  modulus  and  density  are  of  primary 
importance.  The  density  of  the  alloy  is  8,95  g/cm3,  and  the 
Young's  modulus  was  determined  according  to  the  well-known 


Fig.  2.  (a)  Schematic  of  the  ultrasonic  fatigue  testing  system,  and  (b)  the  ultra 
sonic  apparatus  used  for  fatigue  tests  at  elevated  temperature. 
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horn  and  the  specimen.  An  induction  coil  is  employed  for  spec¬ 
imen  heating  {Fig,  2(b)).  The  temperature  in  the  specimen  gage 
section  is  monitored  with  an  infrared  pyrometer,  and  temper¬ 
ature  calibration  is  performed  using  thermocouples  attached  to 
the  gage  section.  Displacement  amplitude  at  the  end  of  the  speci¬ 
men  during  fatigue  is  measured  using  aFotonic™  displacement 
transducer  with  displacement  resolution  in  the  range  of  1-2  pm 
(resultant  stress  accuracy  is  approximately  5%  for  the  stress 
range  investigated).  Vibration  amplitude  is  controlled  with  a 
closed-loop  system  using  an  inductance  transducer  for  the  feed¬ 
back  signal.  The  lengths  of  all  mechanical  vibrating  components 
in  the  load  train  are  adjusted  to  vibrate  in  resonance  to  obtain 
specific  load  amplitudes.  In  resonance,  the  total  length  of  the 
load  train  is  an  integral  number  of  the  acoustic  wavelength.  A,  of 
a  tens  ion -com  press  ion  wave  at  a  frequency  of  20  kHz  while  the 
specimen  length,  l t  equals  1/2 A  to  assure  that  maximum  strain 
occurs  at  the  specimen  gage  section  mid-length.  Assuming  a 
cylindrical  specimen  with  a  ratio  of  length  (0  over  radius  (r), 
r//>  1 .  with  Young’s  modulus  Et  and  mass  density  p t  the  reso¬ 
nance  length  of  a  rod  vibrating  at  frequency /is  given  by  [  13,14]: 


(3) 


For  typical  ultrasonic  fatigue  specimen  designs,  the  governing 
equation  becomes  [14]: 


u"  +  w'^(ln  A(x )  +  In  E(x))  +  j  u  =  0  (4) 

where  x  is  the  location  along  the  specimen;  u(x }  is  the  displace¬ 
ment;  p  is  density  of  the  alloy  and  A(x)  is  the  cross-sectional 
area  of  the  specimen.  Because  temperature,  and  thus  modulus 
of  elasticity,  varies  along  the  length  of  the  specimen,  £(jc)  is 
position  dependent. 

For  the  experimental  arrangement  shown  in  Fig,  2(b),  a  con¬ 
stant  maximum  temperature  (e  g.  1000*C)  is  maintained  in  the 
central  gage  section  and  decreases  to  approximately  600 °C  at 
the  specimen  ends.  The  experimentally  determined  temperature 
gradient  along  the  specimen  length,  shown  in  Fig,  2(c),  can 
be  approximated  by  a  normal  distribution  function  with  max¬ 
imum  value  in  the  center  of  the  specimen.  From  Eq.  (2)  and 
the  measured  temperature  distribution  along  the  specimen,  the 
position-dependent  Young’s  modulus  is  estimated  and  the  final 
specimen  dimensions  for  resonance  at  the  desired  test  tempera¬ 
ture  are  determined  by  iteratively  solving  Eq.  (4),  In  the  present 
study  an  hour-glass  shaped  gage  section  was  employed  and  the 
specimen  dimensions  shown  in  Fig.  3(a),  The  calculated  relative 
displacement  and  strain  along  the  specimen  axis  arc  shown  in 
Fig.  3(b).  Displacement  amplitude  is  adjusted  to  give  the  desired 
stress  amplitude  under  the  assumption  that  deformation  is  within 
the  elastic  range. 

As  Young’s  modulus  is  a  function  of  crystal  orientation,  it  is 
expected  from  Eq,  (4)  that  mis-orientation  of  the  tensile  axis 
from  the  (001)  orientation  will  cause  a  change  in  resonant 
frequency  and  vibration  amplitude.  In  this  study  the  specimen 
tensile  axis  is  always  within  5°  of  the  (00  1)  direction  which 
indicates,  based  on  Eq.  (4),  that  a  maximum  strain  decrease  of 
only  4%  relative  to  the  mean  imposed  strain  would  be  possible. 


Rg.  3.  (a)  Ultrasonic  fatigue  specimen  geometry  (dimensions  in  mm);  (b)  (he 
distributions  uF  relative  displacement  and  strain  amplitude  along  the  length  of 
the  specimen;  and  (c)  measured  temperature  along  the  length  of  the  specimen. 


The  control  system  for  ultrasonic  fatigue  allowed  all  fatigue 
tests  to  be  operated  in  an  intermittent  manner  to  minimize 
temperature  increases  due  to  heat  generation  during  high  fre¬ 
quency  cycling.  A  pulse  duration  of  250  ms  and  pause  duration 
of  2000  ms  were  sufficient  for  control  of  ihe  temperature  varia¬ 
tion  to  within  ±3  °C  at  1000  °C  While  testing  with  mean  loads 
is  possible  within  this  system,  all  tests  in  the  presented  study 
were  conducted  under  fully  reversed  loading  conditions. 

Testing  was  automatically  terminated  when  the  growth  of  a 
fatigue  crack  or  other  fatigue  damage  was  sufficient  to  cause 
a  5%  change  in  resonant  frequency.  Specimens  that  did  not  fail 
after  5  x  10K  cycles  were  considered  run-outs  and  then  subjected 
to  at  least  one  incremental  increase  in  applied  stress  range  and 
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tested  to  failure.  Failed  specimens,  which  under  fully  reverse 
loading  conditions  did  not  experienced  full  separation  within 
the  5%  resonant  frequency  decrease,  were  carefully  separated  to 
reveal  the  fatigue  crack  and  all  fracture  surfaces  were  examined 
using  a  Phillips  XL- 30  FEG-SEM.  Although  fatigue-induced 
plasticity  was  expected  to  be  minimal,  fatigued  samples  were 
examined  using  a  Phillips  CM- 12  IBM  to  investigate  the  possi¬ 
ble  development  of  dislocation  structures  attributable  to  cyclic 
strain  localization.  TEM  specimens  were  prepared  from  0.5  mm 
thick  disks  removed  from  just  below  the  fracture  surface,  with 
the  disk  sectioned  normal  to  the  loading  axis.  Disks  were  thinned 
to  less  than  lOGpm  using  standard  metallographic  techniques 
and  a  final  elcctropolishing  was  performed  in  a  solution  of  10% 
perchloric  acid,  9%  distilled  water,  13%  butyl  cellusolve  and 
68%  methanol  at  —40  °C  and  20  V. 

3,  Results  and  discussion 

3.  L  S-N  curve 

The  stress-life  (S-N)  data  generated  by  ultrasonic  fatigue 
testing  in  the  lifetime  regime  of  approximately  5  x  ltiP-5  x  10s 
cycles  for  the  single -crystal  superalloy  (PWA1484)  are  shown  in 
Fig.  4.  Run  outs  at  JV  =  5  x  !0a  were  observed  for  three  samples 
at  200,  250  and  300 MPa,  respectively.  For  stress  amplitudes 
between  approximately  320  and  420  MPa,  fatigue  life  varied 
from  IG6  tolO8  cycles.  As  a  limited  number  of  crystals  was 
available  for  the  present  study,  no  replicate  tests  were  carried 
out  in  the  above  lifetime  regime.  The  S-N  behavior  of  the 
same  (PWA  1484)  (001)  oriented  single  crystal  superalloy  at 
a  higher  temperature  of  I038°C,  a  loading  frequency  of  59  Hz 
and  R=  -l  from  the  work  of  Wright  et  ah  [2]  is  shown  for 
comparison  in  Fig.  4,  Specimens  in  the  previous  study  [2]  were 
platinum-aluminide  coated  and  fatigue  testing  was  performed 
using  a  conventional  servo-hydraulic  test  system.  As  shown  in 
Fig.  4,  for  the  stress  ranges  examined,  fatigue  lifetime  at  a  test 
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Fig.  4.  The  S-N  curve  of  PWA  1484  at  a  stress  ratio  of  R  =  - 1.  tempera¬ 
ture  of  0)00  C,  and  loading  frequency  of  20  kHz.  Conventional  S-N  data 
(59  Hz/1 038  *C)  for  aluminide-ooaicd  PWA  1484  is  shown  for  comparison  [2J. 
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frequency  of  20  kHz  is  about  one  and  half  orders  of  magnitude 
longer  than  observed  at  59  Hz,  Wright  et  al.  [2]  observed  no 
frequency  dependence  in  lifetime  in  the  range  of  59-900  Hz  at 
1038  °C,  but  did  observe  such  a  dependence  at  a  stress  ratio  of 
R  =  0.1  and  higher.  Such  a  frequency  effect  was  also  reported 
by  MacLachlan  and  Knowles  [15]  for  CMSX-4  tested  at  low 
(0.25  Hz)  and  high  (100  Hz)  loading  frequencies,  at  an  tf-ratio 
of  zero  and  temperatures  of  750  and  950*0.  While  a  frequency 
effect  at  20kHz  cannot  be  eliminated  in  the  present  study,  it  is 
likely  that  the  difference  in  lifetimes  between  the  conventional 
tests  and  the  ultrasonic  tests  is  in  part  due  to  the  different  test 
temperature  and  the  Pt  Al  coating  layer  on  the  specimens  tested 
at  59  Hz.  Wright  et  al.  [2]  reported  that  crack  initiation  occurred 
either  on  coating  layer  or  internal  features  for  specimen  tested 
at  59  Hz,  and  both  modes  could  sometimes  be  seen  on  a  sin¬ 
gle  specimen.  The  authors  also  observed  that,  in  both  cases,  the 
fracture  surface  in  the  vicinity  of  the  origin  was  quite  flat  and 
perpendicular  to  the  specimen  axis,  and  some  crystallographic 
cracking  could  be  seen  in  the  fast  fracture  area.  This  is  somewhat 
different  from  the  observations  for  specimens  tested  at  20  kHz, 
w  lie  re  all  dominant  cracks  that  led  to  final  failure  of  the  spec¬ 
imens  were  found  to  propagate  along  {111}  crystallographic 
planes  (see  Sections  3.2  and  33  for  more  details).  Therefore, 
more  studies  arc  needed  to  clarify  the  effect  of  loading  fre¬ 
quency,  in  particular,  at  ultra-high  frequency  (>1  kHz),  and  coat¬ 
ing  layer  on  high-cycle  fatigue  behavior  of  single  crystal  Ni-base 
superalloys. 

For  both  sets  of  data  a  power-law  life  model  was  assumed  for 
the  single  crystal  superalloy  based  on  the  Basquin  expression, 

oa  =  a'f(2N,)b.  (5) 

where  is  the  alternating  stress,  and  Nf  is  the  number  of  cycles 
to  failure.  The  fatigue  strength  coefficient,  Op  is  approximately 
equal  to  ultimate  tensile  strength  (UTS)  of  the  material,  and  the 
constant,  fc,  falls  in  the  range  of  —0,05  to  -0. 12  for  most  metals 
[16].  As  shawm  in  Fig.  4,  the  S-N  data  is  linear  on  this  log-log 
plot.  By  regression,  a  value  of  =  747  MPa  was  obtained. 
This  value  is  somewhat  higher  than  the  yield  strength  of  PWA 
1484  along  (00  1}  at  IQ0QsC  (600-650 MPa)  [10].  A  value  of 
b  =  -0.041  was  found  to  give  good  fit  for  the  ultrasonic  fatigue 
data.  Wright  et  al,  [2]  reported  a  lower  value  of  b  = -0,107  for 
the  high  cycle  fatigue  data  for  a  PWA  1484  superalloy  tested  at  a 
temperature  of  1038  °C  and  a  wide  range  of  stress  ratio  (R  <  0. 1 ) 
and  loading  frequency  (60-879  Hz). 

3.2.  Crack  initiation 

Crack  initiation  at  20  kHz  occurred  predominately  at  subsur¬ 
face  carbides,  with  only  one  of  six  initiations  occurring  at  the 
specimen  surface.  Figs.  5(a)  and  6(a)  shows  examples  of  crack 
initiation  from  interiors  of  the  specimens.  Further  examinations 
on  crack  initiation  sites  at  high  magnification  indicated  that  Ta- 
rich  carbides  are  associated  with  crack  initiation,  as  shown  in 
Figs,  5(b)  and  6(b).  The  addition  of  minor  amounts  of  carbon  in 
single  crystal  superalloys  serves  to:  (i)  reduce  oxygen  levels  dur¬ 
ing  primary  melting  [  17);  (ii)  reduce  thermosolutal  convective 
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Fig,  5.  Fracture  surfaces  of  the  specimens  failed  at  (a)  it,  =  400  MPa, 
N(  =  5,8  x  SO6  cycles,  and  (b)  a,  =  350 MPa,  Ni  =  2.2  x  107  cycles. 


Fig.  6.  (a)  Blocky  carbides  associated  with  crack  initiation  in  PWA  1484 
Cff,  =  350MPa.  M  =  2,2x  IQ7  cycles),  and  (b)  the  EDS  spectrum,  indicating 
that  the  carbides  are  enriched  in  Ta. 


instabilities  during  single  crystal  solidification  that  are  responsi¬ 
ble  for  the  formation  of  defects,  such  as  freckles  and  misoriented 
grains  [18,19];  (iii)  improve  the  transverse  strength  oflow  angle 
boundaries  [20];  and  (iv)  influence  dendritic  segregation  of  ele¬ 


ments  during  solidification  [19],  Studies  have  shown  that  an 
addition  of  Jess  than  0.1  wt%  C  improves  creep  rupture  life  in 
the  temperature  range  of  850-950  °C  for  single  crystal  super¬ 
alloys  because  the  precipitation  of  MC  carbides  (where  ‘M1 


Fig.  7.  5EM  micrographs  and  EDS  of  carbides  observed  in  PWA  1484:  (a)  blocky  and  (b)  script.  The  carbides  were  extracted  through  electrolytic  etching  with  a 
current  density  of  -~G.05  A/em2  in  an  HCI  and  methanol  (1:9)  solution  for  approximately  15  min  to  remove  ihc  surrounding  nickel  material. 
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denotes  metallic  elements)  during  solidification  reduces  cast¬ 
ing  porosity  [21-23].  However,  it  has  also  been  observed  that 
carbides  raise  local  stress  levels  that  leads  to  localized  plastic 
strain  during  creep  [24],  low  cycle  fatigue  [25]  and  thermal- 
fatigue  [26]  in  superalloys  leading  to  crack  initiation  [27,28]. 
In  the  present  study,  where  porosity  is  low  due  to  the  HIP  treat¬ 
ment,  carbides  are  the  favored  fatigue  crack  initiation  sites.  In  the 
alloy  examined  here,  which  contains  <0.05  wt%  C,  carbides  with 
blocky  and  script  morphologies  were  observed  in  the  interden- 
dritic  region.  Examples  of  the  typical  morphologies  are  shown 
in  Fig.  7  in  samples  subjected  to  electrolytic  etching  for  long 
periods  of  time  to  remove  the  surrounding  matrix,  EDS  analysis 
indicates  that  the  blocky  carbides  are  mainly  enriched  in  Ta  and 
are  thus  likely  to  be  MC-type  carbides  [24,29],  whereas  the  script 
carbides  contain  more  Cr,  and  have  transformed  to  M23C6-type 
carbides  during  heat  treatment  [21],  Most  of  the  carbides  in  this 
alloy  are  of  blocky  shape.  This  is  consistent  with  the  observat  ions 
that  crack  initiation  occurred  at  Ta-rieh  carbides  (see  Fig.  6(b)), 
As  noted  above,  only  one  sample  exhibited  crack  initiation 
near  the  surface  and  this  is  shown  in  Fig.  8.  The  specimen  surface 
was  oxidized  during  fatigue  at  1000  forming  a  thin  layer  of 
20-30  pm  in  thickness  on  the  surface,  from  which  the  crack 
apparently  originated.  These  observations  indicate  that  fatigue 


Fig.  8.  Fracture  surfaces  af  the  specimen  failed  at  aM  -  360  MPa,  Nf  =  L3x  IQ8 
cycles,  at  20  kHz.  (a)  Overview  of  crack  initiation  site,  and  <b)  details  of  the 
initiation  site,  indicating  the  proximity  of  crack  initiation  to  the  surface  oxide 
layer  formed  during  fatigue. 


Fig.  9.  Typical  dislocation  substructure  observed  in  a  specimen  subjected  to 
ultrasonic  fatigue  at  a,  =  350  MPa,  K  =  — 1,  1000  “C  and  20kHz  <A!f  =  2.2  x  107 
cycles). 


cracks  are  more  likely  to  initiate  from  interior  carbides  under 
the  present  testing  conditions.  Although  the  exact  mechanisms 
responsible  for  this  behavior  require  further  investigation,  it  is 
possible  that  the  surface  oxide  61m  that  forms  on  the  uncoated 
samples  during  testing  inhibits  cyclic  strain  localization  at  the 
surface  [30],  thus  favoring  internal  fatigue  crack  initiation. 

A  representative  TEM  images  of  the  substructure  developed 
during  fatigue  of  the  alloys  is  presented  in  Fig.  9.  The  foil  norma! 
is  (001}  and  was  removed  from  a  region  that  is  approximately 
I  mm  below  the  fracture  surface  in  a  sample  that  failed  after 
2.2  x  IQ7  cycles  under  a*  =  350  MPa.  The  dislocation  density 
after  ultrasonic  fatigue  is  low,  compared  to  that  expected  to 
resul  t  from  creep  at  1 000  T,  Addit  ional  ly,  no  imerfacial  disloca¬ 
tion  networks  characteristic  of  high  temperature  creep  [3 1  ]  were 
observed,  indicating  that  no  significant  general  plastic  deforma¬ 
tion  occurred  during  ultrasonic  fatigue.  This  is  also  supported 
by  the  observation  that  no  change  in  the  y'  morphology  occurred 
during  ultrasonic  fatigue  (see  Figs,  1(b)  and  10(b)).  However, 
localized  plastic  deformation  was  frequently  observed  near  car¬ 
bides  in  the  imerdendritic  regions,  and  the  trace  of  localized 
shearing  was  frequently  oriented  approximately  50°  to  the  load¬ 
ing  axis.  An  example  is  shown  in  Fig.  10.  These  observations 
suggest  that  plastic  deformation  under  ultrasonic  cyclic  loading 
preferably  occurred  around  the  carbides,  and  cracks  were  even¬ 
tually  developed  by  localized  plastic  deformation  in  the  form  of 
shear  bands  along  {HI}  planes. 

J,  J,  Crack  propagation 

In  the  present  study  fatigue  crack  propagation  from  the  inter¬ 
nal  initiation  sites  at  carbides  occurred  along  {111}  octahedral 
planes  under  all  conditions  examined,  as  shown  in  Figs.  5(a)  and 
6(a).  There  was  little  reduction  in  area  or  elongation  of  the  speci¬ 
mens  during  the  fatigue  process  and  no  evidence  of  creep  damage 
as  a  primary  contributor  to  failure  was  observed  for  the  testing 
conditions  examined.  A  metallographic  cross-section  parallel  to 
the  loading  axis  shows  a  trace  of  the  fracture  surface.  Fig,  I  1 
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Fig.  10.  Secondary  cracks  observed  from  cross- scaioii  perpendicular  to  Lens ile 
axis  in  a  specimen  that  failed  at  =  360 MPa,  iVf=],3x  108  cycles,  showing 
(a)  dis continuously  dUtfi  billed  carbides  in  interdendritic  region;  and  (b)  cracks 
generated  along  the  carbides. 

The  plane  of  crack  propagation  is  inclined  approximately  50^ 
with  respect  to  the  <001}  orientation,  again  suggesting  that  crack 
growth  occurs  on  {111}  octahedral  planes,  rather  than  perpen¬ 
dicular  to  the  loading  axis. 


Fig.  1 ! .  Cross -see lion  of  a  failed  specimen,  indicating  that  crack  propagation 
occurred  along  j  II  1  f  octahedral  planes. 


There  have  been  a  number  of  studies,  some  several  decades 
ago  [32-36],  and  others  more  recent  [1,15,37-40],  that  have 
examined  fatigue  life  and  fatigue  crack  propagation  behavior 
in  single  crystal  superalloys  as  a  function  of  cyclic  frequency, 
temperature  and  environment.  These  studies  collectively  indi¬ 
cate  that  fatigue  crack  propagation  in  nominally  [0G  l  ]  oriented 
single  crystals  favors  either  one  of  the  octahedral  {111}  planes 
or  follows  a  Mode-I  path  perpendicular  to  the  load  axis.  Crack 
propagation  on  octahedral  planes  is  favored  at  lower  temper¬ 
atures  and  higher  frequencies  (>10Hz)  and  is  associated  with 
the  formation  of  localized  cyclic  deformation  on  { 1  l  l }  ( i  10) 
slip  systems.  Some  evidence  suggests  that  the  particular  octahe¬ 
dral  planes  on  which  crack  propagation  occurs  depends  on  the 
combined  shear  and  normal  stresses,  with  the  former  respon¬ 
sible  for  damage  accumulation  from  irreversible  cyclic  defor¬ 
mation  and  the  latter  required  to  cause  crack  propagation  in 
the  damaged  regions.  Some  studies  also  suggest  that  at  higher 
temperatures  and/or  lower  frequencies  environmental  effects, 
particularly  oxidation  at  the  crack  lip,  are  the  reason  for  the 
transition  to  non-crystal  lographic  Mode- 1  type  of  crack  prop¬ 
agation.  In  this  case  the  fatigue  crack  propagation  rate,  da/dN , 
compared  to  the  rate  of  crack  tip  oxidation  is  thought  to  be  impor¬ 
tant,  with  higher  temperatures  and  lower  frequencies  enhancing 
crack  tip  oxidation  and  leading  to  planar  (Mode-I)  crack  growth. 
Alternatively,  it  is  also  argued  that  the  temperature,  and  there¬ 
fore,  strain  rate  dependence  of  yield  strength,  and  particularly 
the  anomalous  yield  strength  dependence  of  gamma  prime  on 
temperature,  can  also  explain  the  transition  from  planar  Mode-I 
to  cyrstallographic  crack  propagation  as  temperature  and  fre¬ 
quency  are  varied.  Interestingly,  the  two  types  of  crack  growth 
modes  could  be  seen  on  one  specimen  [2],  implying  that  the  tran¬ 
sition  from  one  mode  to  the  other  is  also  dependent  on  the  stress 
state,  Chan  et  al.  [41]  investigated  the  fatigue  crack  growth  in 
PWA  14S4  tested  at  593  °C,  R  =  0.5  and  20  Hz,  and  their  results 
indicated  that  Mode-I  crack  growth  and  crystallographic  {111) 
crack  growth  are  competing  process  that  exhibit  different  crack 
growth  rates.  The  dominance  of  one  crack  growth  morphology 
over  another  is  dictated  by  the  crack  growth  rate  response  of  indi¬ 
vidual  crack  morphologies  at  a  given  stress  intensity  factor  range 
and  the  local  stress  intensity  factor  range  when  the  crack  alters 
its  path.  But  a  quantitative  analysis  on  the  transition,  including 
the  effect  of  temperature,  loading  frequency  and  stress  state  is 
not  available  yet. 

Our  results  indicate  that,  with  the  20  kHz  frequency  employed 
in  these  ultrasonic  fatigue  studies,  fatigue  crack  propagation  on 
{111}  planes  is  still  possible  even  at  temperatures  as  high  as 
1000 °C.  Either  the  “environmental”  or  the  “strain-rate”  mech¬ 
anisms  described  above  are  consistent  with  our  observations 
and  further  work  is  underway  to  examine  this  transition  and 
the  associated  strain  localization  that  occurs  during  ultrasonic 
fatigue. 

4,  Conclusions 

An  ultrasonic  fatigue  testing  system  operating  at  ele¬ 
vated  temperature  was  developed  to  explore  the  high-cycle 
fatigue  behavior  of  nickel-base  single-crystal  superalloys  under 
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conditions  relevant  to  the  operation  of  gas  turbine  engines.  The 
capability  of  this  system  was  demonstrated  using  a  single  crystal 
superalloy  (PWA1484)  at  a  temperature  of  1000  °C  and  loading 
frequency  of  approximately  20  kHz,  The  S-N  data  generated 
from  the  ultrasonic  testing  system  was  consistent  with  compara¬ 
ble  fatigue  data  obtained  on  the  same  material  using  conventional 
fatigue  test  methods.  Interior  Ta-rich  carbides  were  the  major 
microstmctura!  feature  responsible  for  crack  initiation  in  the 
alloy,  consistent  with  the  low  porosity  in  the  alloy  and  the  obser¬ 
vations  of  strain  localization  at  the  carbides.  Crack  growth  under 
ultrasonic  loading  at  IQGQ  °C  for  PWA  1484  occurred  on  {111} 
octahedral  slip  planes,  rather  than  perpendicular  to  the  loading 
axis,  as  usually  observed  for  single  crystal  superalloys  at  high 
temperatures  (>850 °C)  and  conventional  servo- hydraulic  load¬ 
ing  frequencies  (<100  Hz). 
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Abstract 

The  very  high  cycle  fatigue  behavior  of  a  polycrystalline  nickel-based  superalloy,  Rene  88  DT, 
was  studied  in  the  lifetime  regime  of  1 05~ 1 09  cycles  at  593  °C  in  laboratory  air  using  an 
ultrasonic  fatigue  testing  apparatus  operating  at  20  kHz.  Fatigue  failures  were  observed  at 
lifetimes  beyond  108  cycles,  and  the  variability  in  fatigue  life  increased  with  decreasing  stress 
levels.  Fractographic  analysis  indicated  that  all  fatigue  cracks  initiated  internally.  Most  of  crack 
initiation  sites  consisted  of  large  crystallographic  facets  and  no  inclusions  were  observed.  These 
large  crystallographic  facets  were  formed  by  fatigue  crack  initiation  and  early  crack  growth  in 
large  grains  with  dimensions  much  larger  than  the  average  grain  size.  Quantitative  fracture 
surface  analysis  showed  that  the  crystallographic  facets  at  the  crack  initiation  sites  are  oriented 
close  to  45  degrees  to  the  loading  axis  and  correspond  to  maximum  shear  stress  planes. 
Crystallographic  orientations  of  grains  near  internal  crack  initiation  sites  were  revealed  using 
EBSD  combined  with  metallographic  serial  sectioning.  Cyclic  strain  localization  within  a 
favorably  oriented  large  grain  and  early  crack  growth  in  similarly  oriented  neighboring  grains  is 
the  likely  mechanism  controlling  the  VHCF  lifetime  in  this  alloy. 


Introduction 

Recent  studies  have  revealed  that  conventional  fatigue  limits  do  not  exist  for  many  engineering 
alloys,  with  fatigue  failures  occurring  in  the  very  high  cycle  regime  (lifetime  >107  cycles)  [I,  2], 
For  materials  with  a  high  density  of  defects  such  as  pores  and  inclusions,  internal  defects  are  the 
primary  crack  initiation  sites  in  the  very  high  cycle  regime  [3,  4],  However,  for  materials 
prepared  by  advanced  processing  techniques  that  significantly  reduce  the  content  of  defects, 
microstructure  heterogeneities  are  expected  to  be  the  main  crack  initiation  sites,  In  the  very  high 
cycle  regime,  fatigue  crack  initiation  (rather  than  crack  propagation)  is  thought  to  be  the  life- 
determining  process  [5].  Conventional  fatigue  life  predictions  based  on  damage-tolerant 
methodologies,  are,  therefore,  not  effective  in  accurately  predicting  very  high  cycle  fatigue  life. 
Additionally,  the  uncertainty  in  life  prediction  increases  as  the  fatigue  life  shifts  from  the  low 
cycle  regime  to  the  very  high  cycle  regime.  A  thorough  understanding  in  fatigue  crack  initiation 
and  small  crack  growth  behavior  is  therefore  crucial  for  building  physically-based  life  prediction 
models  that  accurately  predict  fatigue  life  in  the  very  high  cycle  regime. 

Nickel-based  superalloys  have  been  widely  used  in  turbine  engine  components  in  aerospace  and 
power-generation  industries.  Better  understanding  of  the  fatigue  behavior  of  superalloys  in  the 


very  high  cycle  regime  can  therefore  directly  benefit  safe  extension  of  the  residual  life  of  these 
components  and  the  development  of  new  alloy  systems. 

In  this  study,  the  fatigue  behavior  of  a  polycrystalline  nickel-based  superalloy,  Rene  88  DT,  was 
studied  in  the  very  high  cycle  regime  using  ultrasonic  fatigue.  Comparisons  between  very  high 
cycle  fatigue  behavior  generated  by  ultrasonic  fatigue  and  fatigue  behavior  generated  at 
conventional  frequency  were  made,  and  a  detailed  study  of  the  role  of  microstructure 
heterogeneities,  particularly  grain  size,  orientation  and  spatial  distribution,  on  crack  initiation  in 
this  alloy  is  described. 


Material  and  Experimental  Procedures 

Materials 

The  Rene  88  DT  used  in  this  study  was  prepared  by  powder  metallurgy  techniques  that 
significantly  reduce  chemical  inhomogeneity  and  initial  defect  sizes  in  the  alloy  [6],  Rene  88  DT 
is  strengthened  primarily  by  precipitation  of  a  gamma  prime  phase  (y’)  [7],  Figure  1  (a)  shows 
the  typical  microstracture  of  the  alloy.  The  grain  size  was  measured  using  the  line  intercept 
method  on  optical  micrographs.  The  distribution  of  grain  size  is  illustrated  in  figure  1  (b).  The 
mean  grain  size,  excluding  the  presence  of  annealing  twins,  is  about  26pm.  Large  grains  on  the 
order  of  two  to  five  times  of  the  average  grain  size  and  large  grain  clusters  exist  in  the 
microstructure.  .  Annealing  twins  are  prevalent  in  the  microstructure.  The  fraction  of  annealing 
twin  boundaries  is  approximately  0.58.  Texture  analysis  based  on  EBSD  scans  indicates  there  is 
no  significant  macrotexture. 


Figure  I.  Typical  microstmcture  of  Rene  88DT:  Optical  micrograph  and  grain  size  distribution 
Experimental  Procedures 

Cylindrical  ultrasonic  fatigue  specimens  with  a  gage  diameter  of  5mm  and  gage  length  of  16mm 
were  used  in  this  study.  The  detailed  design  methodology  and  geometry  of  the  specimens  can  be 
found  elsewhere  [8].  In  order  to  eliminate  the  influence  of  surface  residual  stresses  resulting 
from  mechanical  machining,  the  gage  sections  of  all  fatigue  specimens  were  electropolished  to 
remove  approximately  100pm  from  the  diameter.  Ultrasonic  fatigue  testing  was  conducted  under 
uniaxial  tension  with  a  resonance  frequency  close  to  20  kHz,  and  a  stress  ratio  R  =0.05  at  593°C 
in  laboratory  air.  Fatigue  cycles  were  applied  in  pulses  of  500  ms  separated  by  pauses  of  900  ms 
to  allow  accurate  control  of  specimen  temperature.  Fracture  surfaces  of  all  failed  specimens  were 
examined  using  scanning  electron  microscopy.  The  geometric  orientation  of  crystallographic 
facets  at  crack  initiation  sites  was  quantitatively  studied  using  a  three  dimensional  reconstruction 
program  developed  in  the  environment  of  IDL  (Interactive  Data  Language).  This  method  uses 
SEM  stereo  pairs  to  automatically  reconstruct  the  fracture  surface.  The  EBSD  studies  were 
performed  using  TSL  OIM  software  on  a  FEG  XL30  SEM. 


S-N  data 


Results  and  Discussion 


The  stress-life  data  for  Rene  88  DT  generated  by  ultrasonic  fatigue  at  593'C,  along  with  10  Hz,  R 
-  0.05  fatigue  test  results  [9]  for  the  same  material  are  presented  in  Figure  2..  Ultrasonic  fatigue 
testing  was  conducted  by  displacement  control  at  low  loading  stresses  and  in  the  long  life 
regime,  while  conventional  fatigue  testing  was  performed  in  load  control  at  high  stresses.  As 
indicated  in  Figure  2,  fatigue  failure  still  can  occur  in  this  alloy  for  lifetimes  beyond  10s  cycles. 
It  is  noteworthy  that  the  variability  in  fatigue  life  increases  in  the  very  high  cycle  fatigue  regime. 
The  variability  in  fatigue  life  exceeds  two  orders  of  magnitude  at  a™*  =  600MPa,  while  the 
variability  in  fatigue  life  at  omax=  940MPa  is  only  one  order  of  magnitude. 


N  (cycles) 

Figure.  2.  S-N  data  of  Rene  88  DT  at  593"C  (Data  with  arrow  sign  represent  run-out  results) 
Fractogranhv 

Fraetographic  analysis  indicated  that  all  specimens  failed  by  internal  or  subsurface  crack 
initiation.  Most  crack  initiation  sites  (95%)  consist  of  large  crystallographic  facets  with  no 
defects  such  as  inclusions  or  pores  observed.  A  few  specimens  failed  by  crack  initiation  from 
large  inclusions.  Caton  et  al.  [9]  studied  conventional  fatigue  behavior  of  the  same  material  in 
the  stress  range  of  940MPa  -  1400MPa  at  593’C  and  found  that  ail  fatigue  cracks  initiated 
internally  except  for  specimens  tested  at  the  highest  stress  levels.  They  observed  two  types  of 
crack  initiation  sites:  crystallographic  facets  and  non-metallic  inclusions.  The  increase  of  fatigue 
life  variability  is  thought  to  be  due  to  superposition  of  the  variability  of  two  types  of  crack 
initiation  mechanisms  [10],  Apparently  there  is  a  transition  of  fatigue  crack  initiation  mode  with 
decreasing  stress  levels.  At  low  stresses,  fatigue  cracks  prefer  to  initiate  from  large  grians 
forming  crystallographic  facets  at  the  crack  initiation  sites.  The  large  variability  in  fatigue  life  in 
the  very  high  cycle  regime  is  therefore  likely  caused  by  the  variation  in  local  microstructure 
associated  with  fatigue  crack  initiation  and  early  small  crack  growth. 

Matching  half  fractography  of  crystallographic  facets  at  crack  initiation  sites  is  presented  in 
fFigure  3.  Large  facets  were  formed  by  fracture  and  crack  growth  within  large  grains.  The  size  of 
these  grains  is  in  the  range  of  60|im~  120pm,  which  is  much  larger  than  the  mean  grain  size  of 
this  alloy. 


Figure  3.  Matching  half  fractography  of  crystallographic  facet  at  crack  initiation  site 

The  specimen  surface  oxidized  slightly  during  ultrasonic  fatigue  testing  at  593‘C.  Strain 
localization  within  large  grains  at  the  surface  resulted  in  the  formation  of  slip  bands  or  persistent 
slip  bands  as  shown  in  Figure  4,  which  shows  that  the  oxide  layers  were  spalled  off,  revealing 
localized  cyclic  deformation.  For  room  temperature  ultrasonic  fatigue  tests  of  the  same  alloy  at 
low  stress,  crack  initiation  occurs  at  the  specimen  surface  where  strain  localization  within  or 
more  large  grains  results  in  the  formation  of  persistent  slip  bands  and  microcracks,  However,  it  is 
likely  that  surface  oxidation  at  elevated  temperature  retards  crystallographic  crack  initiation  at 
the  surface.  Thus,  cyclic  strain  localization  in  favorably  oriented  large  grains  in  the  specimen 
interior  becomes  dominant. 


Figure.  4.  Surface  oxide  layer  and  localized  deformation  formed  during  fatigue  test  at  593”C 

There  are  two  main  types  of  facets  at  the  crack  initiation  sites,  identified  in  this  paper  as  either 
single  plane  facets  or  chevron  facets.  The  crystallographic  facets  in  Figure  3  are  typical  examples 
of  single  plane  facets.  Figure  5  (a)  shows  an  example  of  crystallographic  facets  with  the  chevron 
shape  at  the  crack  initiation  site.  The  shapes  of  the  facets  were  examined  in  detail  using  three 
dimensional  reconstruction  methods.  The  rectangle  region  in  Figure  5  (a)  was  subject  to  3D 
reconstruction.  Figure  5  (b)  show's  the  3D  view  of  the  reconstruction  region.  The  3D  results 
indicate  that  facet  planes  Fi  and  F2,  in  figure  5  (a),  are  orientated  with  respect  to  the  loading  axis 
about  45  degrees  and  46  degrees,  respectively.  Thus,  both  facet  planes  are  close  to  maximum 
shear  stress  planes.  The  angle  between  two  facets  planes  is  44  degrees. 


3D  Fracture  Surface 


(a)  (b) 

Figure  5.  Three  dimensional  reconstruction  of  chevron  crystallographic  facet  at  crack  initiation 
site:  (a)  crack  initiation  site  (d)  3D  view  of  crystallographic  facet  with  chevron  shape. 


Microstructure  within  Crack  Initiation  Sites 

In  order  to  study  the  specific  microstructure  associated  with  internal  fatigue  crack  initiation  and 
early  small  crack  growth,  metal lographic  serial  sectioning  was  used  to  reveal  the  microstructure 
within  the  crack  initiation  site.  Metal  lographic  serial  sectioning  was  completed  by  mechanical 
grinding  and  polishing  with  sectioning  planes  normal  to  the  fracture  surface.  At  periodic 
intervals  of  sectioning,  orientation  information  of  the  microstructure  beneath  fatigue  fracture 
surface  was  collected  using  EBSD. 


Figure  6  (a)  shows  the  crack  initiation  site  before  sectioning.  The  large  crystallographic  facet  at 
the  crack  initiation  site  has  a  chevron  shape.  Figure  6  (b)  shows  the  metallographic  sectioning 
plane  directly  cuts  through  the  chevron-shaped  crystallographic  facet  at  the  crack  initiation  site. 
An  EBSD  reconstructed  grain  boundary  map  in  Figure  6  (c)  illustrates  the  microstructure  details 
of  the  crack  initiation  grain.  Both  facet  planes  of  the  chevron  facet  are  within  one  large  grain  and 
parallel  to  annealing  twin  boundaries,  indicating  that  they  are  of  {111}  orientation.  3D 
reconstruction  results  showed  the  angles  between  the  normals  of  the  two  facet  planes  and  loading 
axis  are  41  degrees  and  43  degrees,  respectively.  The  angle  between  two  facet  planes  was  37 
degrees.  Thus,  the  fatigue  crack  initiated  along  octahedral  planes  that  are  oriented  close  to  the 
orientation  for  maximum  shear  stresss.  The  special  geometrical  relationship  between  two  facet 
planes  provides  an  easier  path  for  fatigue  crack  propagation  within  the  large  grain.  The  Schimd 
factors  for  the  large  grains  at  which  cracks  initiated  are  are  greater  than  0.43.  Serial  sectioning 
results  indicate  that  in  the  neighborhood  of  the  grain  at  which  fatigue  crack  initiation  occurred,  a 
cluster  of  grains  with  similar  orientation  exists.  As  shown  in  Figure  6  (d),  the  orientations  of 
these  grains  Figure  6  (a)  are  close  to  <00 1>.  During  ultrasonic  fatigue,  the  cyclic  stresses  are 
much  lower  than  the  overall  yield  stress  for  the  alloy  and  most  grains  only  experience  elastic 
deformation.  In  the  very  high  cycle  regime  cyclic  plastic  deformation  can  assume  to  be  localized 
in  favorably  oriented  large  grains  or  grain  clusters  where  the  grains  have  asimilar  relative 
orientation  that  contributes  to  both  fatigue  crack  initiation  (in  one  grain)  and  early  small  crack 
growth  in  the  neighboring  grains.  This  scenario  is  supported  by  the  results  presented  in  Figure  3. 
Three-dimensional  reconstruction  results  indicate  that  the  facet  planes  within  two  large  grains  at 
crack  initiation  are  nearly  parallel  to  each  other.  A  fatigue  crack  initiated  from  grain  1  and  then 
propagated  to  grain  2,  leaving  a  smooth  transition  between  the  two  resulting  facets,  as  would  be 
expected  if  the  two  grains  have  similar  crystallographic  orientation.  For  such  an  arrangement  of 
large  grains,  fatigue  crack  initiation  and  early  propagation  would  be  expected  to  be  easier. 


(c)  (d) 

Figure  6,  Microstruclure  within  crack  initiation  site:  (a)  fracture  surface  before 
sectioning, (dashed  line  indicates  the  position  of  sectioning  plane  in  figure  (b).  (b)  metallographic 
sectioning  plane,  (c)  reconstructed  grain  boundary  (black  lines  represent  random  grain 
boundaries,  blue  lines  represent  annealing  twin  boundaries),  (d)  grains  with  similar  orientation 
near  crack  initiation  site. 


Conclusions 

The  very  high  cycle  fatigue  behavior  of  the  nickel-based  superalloy  Rene  88  DT  was 
investigated  in  the  life  time  regime  of  105~109  cycles  at  593'C  using  ultrasonic  fatigue 
instrumentation.  All  fatigue  cracks  initiated  internally  at  this  elevated  temperature.  Compared 
with  conventional  (10Hz)  fatigue  results  at  high  loading  stresses,  nearly  all  fatigue  cracks  in 
current  study  originated  from  crystallographic  initiation  sites  associated  with  large  grains  with 
diameters  >50.  Crystallographic  facets  at  crack  initiation  sites  can  be  divided  into  two  groups 
according  to  their  geometry:  single  plane  facet  and  chevron  facet.  The  3D  results  showed  that 
crystallographic  facets  at  crack  initiation  sites  are  oriented  at  an  angle  close  to  45  degrees  to  the 
loading  axis.  By  using  metallographic  serial  sectioning  combined  with  EBSD,  microstructural 
and  crystallographic  details  related  to  internal  crystallographic  crack  initiation  sites  was  revealed. 
Preliminary  results  showed  that  clusters  of  grains  with  similar  orientation  are  the  most  favored 
crack  initiation  sites  because  they  promote  the  necessary  strain  localization  and  early  crack 
propagation  necessary  to  cause  fatigue  failure. 
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